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Preface 


In courses such as calculus or differential equations, the content is fairly standardized 
but the content of a course entitled engineering mathematics often varies considerably 
between two different academic institutions. Therefore a text entitled Advanced Engi- 
neering Mathematics is a compendium of many mathematical topics, all of which are 
loosely related by the expedient of either being needed or useful in courses in science and 
engineering or in subsequent careers in these areas. There is literally no upper bound to 
the number of topics that could be included in a text such as this. Consequently, this book 
represents the author’s opinion of what constitutes engineering mathematics. 


I| Content of the Text 


For flexibility in topic selection this text is divided into five major parts. As can be seen 
from the titles of these various parts it should be obvious that it is my belief that the 
backbone of science/engineering related mathematics is the theory and applications of 
ordinary and partial differential equations. 


Part 1: Ordinary Differential Equations (Chapters 1-6) 


The six chapters in Part 1 constitute a complete short course in ordinary differential equa- 
tions. These chapters, with some modifications, correspond to Chapters 1, 2, 3, 4, 5, 6, 
7, and 9 in the text A First Course in Differential Equations with Modeling Applications, 
Eleventh Edition, by Dennis G. Zill (Cengage Learning). In Chapter 2 the focus is on 
methods for solving first-order differential equations and their applications. Chapter 3 
deals mainly with linear second-order differential equations and their applications. Chap- 
ter 4 is devoted to the solution of differential equations and systems of differential equa- 
tions by the important Laplace transform. 


Part 2: Vectors, Matrices, and Vector Calculus (Chapters 7-9) 


Chapter 7, Vectors, and Chapter 9, Vector Calculus, include the standard topics that are 
usually covered in the third semester of a calculus sequence: vectors in 2- and 3-space, 
vector functions, directional derivatives, line integrals, double and triple integrals, surface 
integrals, Green’s theorem, Stokes’ theorem, and the divergence theorem. In Section 7.6 
the vector concept is generalized; by defining vectors analytically we lose their geometric 
interpretation but keep many of their properties in n-dimensional and infinite-dimensional 
vector spaces. Chapter 8, Matrices, is an introduction to systems of algebraic equations, 
determinants, and matrix algebra, with special emphasis on those types of matrices that 
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are useful in solving systems of linear differential equations. Optional sections on cryp- 
tography, error correcting codes, the method of least squares, and discrete compartmental 
models are presented as applications of matrix algebra. 


Part 3: Systems of Differential Equations (Chapters 10 and 11) 


There are two chapters in Part 3. Chapter 10, Systems of Linear Differential Equations, 
and Chapter 11, Systems of Nonlinear Differential Equations, draw heavily on the matrix 
material presented in Chapter 8 of Part 2. In Chapter 10, systems of linear first-order 
equations are solved utilizing the concepts of eigenvalues and eigenvectors, diagonaliza- 
tion, and by means of a matrix exponential function. In Chapter 11, qualitative aspects of 
autonomous linear and nonlinear systems are considered in depth. 


Part 4: Partial Differential Equations (Chapters 12-16) 


The core material on Fourier series and boundary-value problems involving second-order 
partial differential equations was originally drawn from the text Differential Equations with 
Boundary-Value Problems, Ninth Edition, by Dennis G. Zill (Cengage Learning). In Chapter 
12, Orthogonal Functions and Fourier Series, the fundamental topics of sets of orthogonal 
functions and expansions of functions in terms of an infinite series of orthogonal functions 
are presented. These topics are then utilized in Chapters 13 and 14 where boundary-value 
problems in rectangular, polar, cylindrical, and spherical coordinates are solved using the 
method of separation of variables. In Chapter 15, Integral Transform Method, boundary- 
value problems are solved by means of the Laplace and Fourier integral transforms. 


Part 5: Complex Analysis (Chapters 17-20) 


The final four chapters of the hardbound text cover topics ranging from the basic complex 
number system through applications of conformal mappings in the solution of Dirichlet’s prob- 
lem. This material by itself could easily serve as a one quarter introductory course in complex 
variables. This material was taken from Complex Analysis: A First Course with Applications, 
Third Edition, by Dennis G. Zill and Patrick D. Shanahan (Jones & Bartlett Learning). 


Additional Online Material: Probability and Statistics (Chapters 21 and 22) 


These final two chapters cover the basic rudiments of probability and statistics and can obtained 
as either a PDF download on the accompanying Student Companion Website and Projects 
Center or as part of a custom publication. For more information on how to access these addi- 
tional chapters, please contact your Account Specialist at go.jblearning.com/findmyrep. 


Ii Design of the Text 


For the benefit of those instructors and students who have not used the preceding edition, 
a word about the design of the text is in order. Each chapter opens with its own table of 
contents and a brief introduction to the material covered in that chapter. Because of the 
great number of figures, definitions, and theorems throughout this text, I use a double- 
decimal numeration system. For example, the interpretation of “Figure 1.2.3” is 


Chapter Section of Chapter 1 
Ld 
1.2.3 <Third figure in Section 1.2 


I think that this kind of numeration makes it easier to find, say, a theorem or figure when it is 
referred to in a later section or chapter. In addition, to better link a figure with the text, the first 


textual reference to each figure is done in the same font style and color as the figure number. 
For example, the first reference to the second figure in Section 5.7 is given as FIGURE 5.7.2 and 
all subsequent references to that figure are written in the tradition style Figure 5.7.2. 


I| Key Features of the Sixth Edition 


The principal goal of this revision was to add many new, and I feel interesting, 
problems and applications throughout the text. For example, Sawing Wood in 
Exercises 2.8, Bending of a Circular Plate in Exercises 3.6, Spring Pendulum in 
Chapter 3 in Review, and Cooling Fin in Exercises 5.3 are new to this edition. Also, 
the application problems 

Air Exchange, Exercises 2.7 

Potassium-40 Decay, Exercises 2.9 

Potassium-Argon Dating, Exercises 2.9 

Invasion of the Marine Toads, Chapter 2 in Review 

Temperature of a Fluid, Exercises 3.6 

Blowing in the Wind, Exercises 3.9 

The Caught Pendulum, Exercises 3.11 

The Paris Guns, Chapter 3 in Review 
contributed to the last edition were left in place. 
Throughout the text I have given a greater emphasis to the concepts of piecewise- 
linear differential equations and solutions that involve integral-defined functions. 
The superposition principle has been added to the discussion in Section 13.4, 
Wave Equation. 
To improve its clarity, Section 13.6, Nonhomogeneous Boundary-Value Problems, 
has been rewritten. 
Modified Bessel functions are given a greater emphasis in Section 14.2, Cylindrical 
Coordinates. 


[| Supplements 


For Instructors 


Complete Solutions Manual (CSM) by Warren S. Wright and Roberto Martinez 
Test Bank 
Slides in PowerPoint format 
Image Bank 
WebAssign: WebAssign is a flexible and fully customizable online instructional 
system that puts powerful tools in the hands of teachers, enabling them to deploy 
assignments, instantly assess individual student performance, and realize their 
teaching goals. Much more than just a homework grading system, WebAssign 
delivers secure online testing, customizable precoded questions directly from 
exercises in this textbook, and unparalleled customer service. Instructors who 
adopt this program for their classroom use will have access to a digital version 
of this textbook. Students who purchase an access code for WebAssign will also 
have access to the digital version of the printed text. 

With WebAssign instructors can: 

¢ Create and distribute algorithmic assignments using questions specific to this 

textbook 

e Grade, record, and analyze student responses and performance instantly 

e Offer more practice exercises, quizzes, and homework 

e Upload resources to share and communicate with students seamlessly 
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For more detailed information and to sign up for free faculty access, please 
visit webassign.com. For information on how students can purchase access to 
WebAssign bundled with this textbook, please contact your Jones and Bartlett 
account representative at go.jblearning.com/findmyrep. 

Designated instructor materials are for qualified instructors only. Jones & Bartlett 
Learning reserves the right to evaluate all requests. For detailed information and to 
request access to instructor resources, please visit go.jblearning.com/ZillAEM6e. 


For Students 
e A WebAssign Student Access Code can be bundled with a copy of this text at a dis- 


count when requested by the adopting instructor. It may also be purchased separately 
online when WebAssign is required by the student’s instructor or institution. The 
student access code provides the student with access to his or her specific classroom 
assignments in WebAssign and access to a digital version of this text. 

A Student Solutions Manual (SSM) prepared by Warren S. Wright and Roberto 
Martinez provides a solution to every third problem from the text. 

Access to the Student Companion Website and Projects Center, available at 
go.jblearning.com/ZillAEM6e, is included with each new copy of the text. This 
site includes the following resources to enhance student learning: 


e Chapter 21 Probability 

e Chapter 22 Statistics 

e Additional projects and essays that appeared in earlier editions of this text, 
including: 


Two Properties of the Sphere 

Vibration Control: Vibration Isolation 

Vibration Control: Vibration Absorbers 

Minimal Surfaces 

Road Mirages 

Two Ports in Electrical Circuits 

The Hydrogen Atom 

Instabilities of Numerical Methods 

A Matrix Model for Environmental Life Cycle Assessment 

Steady Transonic Flow Past Thin Airfoils 

Making Waves: Convection, Diffusion, and Traffic Flow 

When Differential Equations Invaded Geometry: Inverse Tangent Problem 
of the 17" Century 

Tricky Time: The Isochrones of Huygens and Leibniz 

The Uncertainty Inequality in Signal Processing 

Traffic Flow 

Temperature Dependence of Resistivity 

Fraunhofer Diffraction by a Circular Aperture 

The Collapse of the Tacoma Narrow Bridge: A Modern Viewpoint 

Atmospheric Drag and the Decay of Satellite Orbits 

Forebody Drag of Bluff Bodies 
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CHAPTER 


The purpose of this short chapter 
is twofold: to introduce the basic 
terminology of differential 
equations and to briefly examine 
how differential equations arise 
in an attempt to describe or 
model physical phenomena in 
mathematical terms. 


Introduction to 


Differential Equations 
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14 | Definitions and Terminology 


INTRODUCTION The words differential and equation certainly suggest solving some kind 
of equation that contains derivatives. But before you start solving anything, you must learn some 
of the basic defintions and terminology of the subject. 


Hi A Definition The derivative dy/dx of a function y = (x) is itself another function $' (x) 


0.’ is differentiable on the interval 


0.1? 


found by an appropriate rule. For example, the function y = e 


(— ov, oo), and its derivative is dy/dx = 0.2xe°!”. If we replace e'* in the last equation by the 


symbol y, we obtain 


dy 

— = 0.2xy. 1 

dx we (1) 
Now imagine that a friend of yours simply hands you the differential equation in (1), and that 
you have no idea how it was constructed. Your friend asks: “What is the function represented by 
the symbol y?” You are now face-to-face with one of the basic problems in a course in differen- 
tial equations: 


How do you solve such an equation for the unknown function y = (x)? 


The problem is loosely equivalent to the familiar reverse problem of differential calculus: Given 
a derivative, find an antiderivative. 

Before proceeding any further, let us give a more precise definition of the concept of a dif- 
ferential equation. 


Definition 1.1.1 Differential Equation 


An equation containing the derivatives of one or more dependent variables, with respect to 
one or more independent variables, is said to be a differential equation (DE). 


In order to talk about them, we will classify a differential equation by type, order, and linearity. 


I| Classification by Type Ifa differential equation contains only ordinary derivatives of 
one or more functions with respect to a single independent variable it is said to be an ordinary 
differential equation (ODE). An equation involving only partial derivatives of one or more 
functions of two or more independent variables is called a partial differential equation (PDE). 
Our first example illustrates several of each type of differential equation. 


| EXAMPLE1 | Types of Differential Equations 


(a) The equations 
an ODE can contain more 
than one dependent variable 


dy d*y | dy dx dy 
+ 6y =e", + — 12y = 0, d —+—=3x + 2 2 
ne ir nd a a 
are examples of ordinary differential equations. 
(b) The equations 
au au au au ou Ou ov 
2 2 — 9, 27 42 a 7 (3) 
Ox oy Ox ot ot oy Ox 


are examples of partial differential equations. Notice in the third equation that there are two 
dependent variables and two independent variables in the PDE. This indicates that u and v 


must be functions of two or more independent variables. = 
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I Notation Throughout this text, ordinary derivatives will be written using either the Leibniz 
notation dy/dx, d’y/dx*, d*y/dx’, ..., or the prime notation y’, y”, y’”, .... Using the latter nota- 
tion, the first two differential equations in (2) can be written a little more compactly as 
y' + by =e “andy” + y’ — 12y = 0, respectively. Actually, the prime notation is used to denote 
only the first three derivatives; the fourth derivative is written y“ instead of y””. In general, the 
nth derivative is d"y/dx" or y. Although less convenient to write and to typeset, the Leibniz 
notation has an advantage over the prime notation in that it clearly displays both the dependent 
and independent variables. For example, in the differential equation d*x/dt* + 16x = 0, it is im- 
mediately seen that the symbol x now represents a dependent variable, whereas the independent 
variable is t. You should also be aware that in physical sciences and engineering, Newton’s dot 
notation (derogatively referred to by some as the “flyspeck” notation) is sometimes used to 
denote derivatives with respect to time t. Thus the differential equation d*s/dt? = —32 becomes 
s§ = —32. Partial derivatives are often denoted by a subscript notation indicating the indepen- 
dent variables. For example, the first and second equations in (3) can be written, in turn, as 
Uy, + Uy = Oand uy, = Uy — Uy 


|| Classification by Order The order of a differential equation (ODE or PDE) is the 
order of the highest derivative in the equation. 


| EXAMPLE2 | Order of a Differential Equation 


The differential equations 


highest order highest order 
d’y (2) au aru 
5 + 5|—) -—4y=e, 2-74 7 =0 
dx? dx - ax* ar? 


are examples of a second-order ordinary differential equation and a fourth-order partial dif- 


ferential equation, respectively. = 


A first-order ordinary differential equation is sometimes written in the differential form 


M(x, y)dx + N@, y)dy = 0. 


| EXAMPLE3 | Differential Form of a First-Order ODE 


If we assume that y is the dependent variable in a first-order ODE, then recall from calculus 
that the differential dy is defined to be dy = y'dx. 


(a) By dividing by the differential dx an alternative form of the equation (y — x)dx + 
4xdy = 0 is given by 


dy F dy 
y—x + 4x—-=0 orequivalently 4x——-+ y=x. 
d dx dx . 


(b) By multiplying the differential equation 


d 
6xy + PF +P =O 
dx 
by dx we see that the equation has the alternative differential form 
(x? + y*)dx + 6xydy = 0. = 
In symbols, we can express an nth-order ordinary differential equation in one dependent vari- 
able by the general form 
F(x, y, y',...,y¥) = 0, (4) 


where F is a real-valued function of n + 2 variables: x, y, y’,..., y”. For both practical and 
theoretical reasons, we shall also make the assumption hereafter that it is possible to solve an 
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Remember these two > 
characteristics of a 
linear ODE. 


ordinary differential equation in the form (4) uniquely for the highest derivative y”” in terms of 
the remaining n + 1 variables. The differential equation 
d"y 


Dt LEI VOM, (5) 


where fis a real-valued continuous function, is referred to as the normal form of (4). Thus, when 
it suits our purposes, we shall use the normal forms 


wd 


dy _ _ ; 
: = f(x,y) and LC ae, 


to represent general first- and second-order ordinary differential equations. 


| EXAMPLE4 | Normal Form of an ODE 


(a) By solving for the derivative dy/dx the normal form of the first-order differential equation 


dy 
4x— +y=x is —= 
dx 


(b) By solving for the derivative y” the normal form of the second-order differential 
equation 


y’—-y'+6y=0 is y'=y'— 6y. = 


[| Classification by Linearity An nth-order ordinary differential equation (4) is said to 
be linear in the variable y if F is linear in y, y’,..., y“. This means that an nth-order ODE is 
linear when (4) is a,(x)y" + a,—,Q)y"~P + + + aQdy’ + agdy — g(x) = 0 or 


d"y n=1 dy 
ee dx" ad an - eo ear dx" 1 abla a i ag(x)y = ~~ g(x). (6) 
Two important special cases of (6) are linear first-order (n = 1) and linear second-order 
(n = 2) ODEs. 
dy d’y 
a(x) te + ag(x)y = g(x) and a,(x) — de 4 a2 a ag(x)y = g(x). (7) 


In the additive combination on the left-hand side of (6) we see that the characteristic two proper- 
ties of a linear ODE are 


¢ The dependent variable y and all its derivatives y’, y’,..., y” are of the first degree; that 
is, the power of each term involving y is 1. 

° The coefficients do, a),..., a, of y, y',..., y“ depend at most on the independent 
variable x. 


A nonlinear ordinary differential equation is simply one that is not linear. If the coefficients 
of y, y’,..., y” contain the dependent variable y or its derivatives or if powers of y, y’,..., 
y”, such as (y’)*, appear in the equation, then the DE is nonlinear. Also, nonlinear functions 
of the dependent variable or its derivatives, such as sin y or e” cannot appear in a linear 


equation. 


| EXAMPLES | Linear and Nonlinear Differential Equations 


(a) The equations 


= : 522 dy oe 
(y — x)dx + 4xdy = 0, y" — 2y’ t+y=0, x —Z + 3x - Sy =e 
; dx dx 


are, in turn, examples of linear first-, second-, and third-order ordinary differential equations. 
We have just demonstrated in part (a) of Example 3 that the first equation is linear in y by 
writing it in the alternative form 4xy’ + y = x. 
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(b) The equations 


nonlinear term: nonlinear term: nonlinear term: 
coefficient depends on y nonlinear function of y power not 1 
2: d 4y 


(1 — yyy’ + 2y = e*, es siny = 0, + y? =0, 
Ix 


dx* 


are examples of nonlinear first-, second-, and fourth-order ordinary differential equations, 


respectively. = 


Hi Solution As stated before, one of our goals in this course is to solve—or find solutions 
of—differential equations. The concept of a solution of an ordinary differential equation is 
defined next. 


Definition 1.1.2 Solution of an ODE 


Any function ¢, defined on an interval / and possessing at least n derivatives that are con- 
tinuous on J, which when substituted into an nth-order ordinary differential equation reduces 
the equation to an identity, is said to be a solution of the equation on the interval. 


In other words, a solution of an nth-order ordinary differential equation (4) is a function @ 
that possesses at least n derivatives and 


F(x, d(x), $'(0), ..., P(x) = 0 for all x in I. 


We say that @ satisfies the differential equation on /. For our purposes, we shall also assume that 


a solution ¢ is a real-valued function. In our initial discussion we have already seen that y = e°'!* 


is a solution of dy/dx = 0.2xy on the interval (— co, 00). 
Occasionally it will be convenient to denote a solution by the alternative symbol y(x). 


Hi Interval of Definition You can’t think solution of an ordinary differential equation 
without simultaneously thinking interval. The interval J in Definition 1.1.2 is variously called 
the interval of definition, the interval of validity, or the domain of the solution and can be an 
open interval (a, b), a closed interval [a, b], an infinite interval (a, 00), and so on. 


| EXAMPLE6 | Verification of a Solution 


Verify that the indicated function is a solution of the given differential equation on the interval 
(—o, oo). 


dy 
4 


2, y= kx (b) y’ — 2y'+y=0; y= xe" 

SOLUTION One way of verifying that the given function is a solution is to see, after substi- 
tuting, whether each side of the equation is the same for every x in the interval (— 00, oo). 

x x 


dy 
F -h ide: = 4- = 
(a) From left-hand side ds 16 4 


4\ 1/2 2 3 
right-hand side: xy = (2) — os = = 


we see that each side of the equation is the same for every real number x. Note that y" = 427 is, 
by definition, the nonnegative square root of 5.x". 


(b) From the derivatives y’ = xe‘ + e* and y” = xe* + 2e* we have for every real number x, 
left-hand side: y" — 2y' + y = (xe* + 2e*) — 2(xe* + e*) + xe° = 0 
right-hand side: 0. = 


Note, too, that in Example 6 each differential equation possesses the constant solution y = 0, 
defined on (— 00, oo). A solution of a differential equation that is identically zero on an interval 
Tis said to be a trivial solution. 
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(b) Solution y = I/x, (0, c) 


FIGURE 1.1.1 Example 7 illustrates 
the difference between the function 
y = 1/xand the solution y = 1/x 
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[| Solution Curve The graph of a solution @ of an ODE is called a solution curve. Since 
¢ is a differentiable function, it is continuous on its interval J of definition. Thus there may be a 
difference between the graph of the function ¢ and the graph of the solution d. Put another way, 
the domain of the function @ does not need to be the same as the interval J of definition (or 
domain) of the solution @. 


| EXAMPLE7 | Function vs. Solution 


(a) Considered simply as a function, the domain of y = 1/x is the set of all real numbers x 
except 0. When we graph y = 1/x, we plot points in the xy-plane corresponding to a judicious 
sampling of numbers taken from its domain. The rational function y = 1/x is discontinuous 
at 0, and its graph, in a neighborhood of the origin, is given in FIGURE 1.1.1(a). The function 
y = I/xis not differentiable at x = 0 since the y-axis (whose equation is x = 0) is a vertical 
asymptote of the graph. 


(b) Now y = 1/x is also a solution of the linear first-order differential equation xy’ + y = 0 
(verify). But when we say y = 1/x is a solution of this DE we mean it is a function defined on 
an interval J on which it is differentiable and satisfies the equation. In other words, 
y = 1/xis a solution of the DE on any interval not containing 0, such as (—3, —1), Gs. 10), 
(—oo, 0), or (0, 00). Because the solution curves defined by y = 1/x on the intervals (—3, — 1) 
and on (3, 10) are simply segments or pieces of the solution curves defined by 
y = I/xon (—co, 0) and (0, 00), respectively, it makes sense to take the interval / to be as large 
as possible. Thus we would take J to be either (— oo, 0) or (0, 00). The solution curve on the 


interval (0, co) is shown in Figure 1.1.1(b). = 


I| Explicit and Implicit Solutions You should be familiar with the terms explicit and 
implicit functions from your study of calculus. A solution in which the dependent variable is 
expressed solely in terms of the independent variable and constants is said to be an explicit solution. 
For our purposes, let us think of an explicit solution as an explicit formula y = f(x) that we can 
manipulate, evaluate, and differentiate using the standard rules. We have just seen in the last two 
examples that y = 7¢x*, y = xe", and y = I/x are, in turn, explicit solutions of dy/dx = xy", 
y" — 2y’ + y = 0, and xy’ + y = 0. Moreover, the trivial solution y = 0 is an explicit solution 
of all three equations. We shall see when we get down to the business of actually solving some 
ordinary differential equations that methods of solution do not always lead directly to an explicit 
solution y = (x). This is particularly true when attempting to solve nonlinear first-order dif- 
ferential equations. Often we have to be content with a relation or expression G(x, y) = 0 that 
defines a solution @ implicitly. 


Definition 1.1.3 


Implicit Solution of an ODE 


A relation G(x, y) = 0 is said to be an implicit solution of an ordinary differential equation (4) 
on an interval / provided there exists at least one function ¢ that satisfies the relation as well 
as the differential equation on /. 


It is beyond the scope of this course to investigate the conditions under which a relation 
G(x, y) = 0 defines a differentiable function d. So we shall assume that if the formal implementa- 
tion of a method of solution leads to a relation G(x, y) = 0, then there exists at least one function 
¢ that satisfies both the relation (that is, G(x, d(x)) = 0) and the differential equation on an in- 
terval /. If the implicit solution G(x, y) = 0 is fairly simple, we may be able to solve for y in terms 
of x and obtain one or more explicit solutions. See (iv) in the Remarks. 


| EXAMPLES | Verification of an Implicit Solution 


The relation x* + y* = 25 is an implicit solution of the nonlinear differential equation 


dy x 
—=-— 8 
x . (8) 
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FIGURE 1.1.3 Some solutions of 
xy’ —y =x’ sinx 


on the interval defined by —5 < x < 5. By implicit differentiation we obtain 


2 dy 
xo + —y" = —_25 or 2x + 2y— = 
dx 


0. (9) 


Solving the last equation in (9) for the symbol dy/dx gives (8). Moreover, solving x” + y* = 25 
for y in terms of x yields y = +V25 — x”. The two functions y = o,(x) = V25 — x* and 
y = (x) = —V 25 — x’ satisfy the relation (that is, x* + @] = 25 and x’ + 3 = 25) and are 
explicit solutions defined on the interval (—5, 5). The solution curves given in FIGURE 1.1.2(b) 
and 1.1.2(c) are segments of the graph of the implicit solution in Figure 1.1.2(a). 


(a) Implicit solution (b) Explicit solution (c) Explicit solution 
x2 + y2=25 y, = V25-x?, -5<x<5 Vy =-V25 — 17, -S<x<5 


FIGURE 1.1.2 An implicit solution and two explicit solutions in Example 8 = 


Any relation of the form x* + y’ — c = 0 formally satisfies (8) for any constant c. However, 
it is understood that the relation should always make sense in the real number system; thus, for 
example, we cannot say that x* + y* + 25 = 0 is an implicit solution of the equation. Why not? 

Because the distinction between an explicit solution and an implicit solution should be intui- 
tively clear, we will not belabor the issue by always saying, “Here is an explicit (implicit) 
solution.” 


[| Families of Solutions The study of differential equations is similar to that of integral 
calculus. When evaluating an antiderivative or indefinite integral in calculus, we use a single constant 
c of integration. Analogously, when solving a first-order differential equation F(x, y, y’) = 0, we 
usually obtain a solution containing a single arbitrary constant or parameter c. A solution contain- 
ing an arbitrary constant represents a set G(x, y, c) = 0 of solutions called a one-parameter 
family of solutions. When solving an nth-order differential equation F(x, y, y’,..., y") = 0, we 
seek an n-parameter family of solutions G(x, y, c,, C,..., ¢,) = 0. This means that a single 
differential equation can possess an infinite number of solutions corresponding to the unlim- 
ited number of choices for the parameter(s). A solution of a differential equation that is free 
of arbitrary parameters is called a particular solution. For example, the one-parameter family 
y = cx — xcos xis an explicit solution of the linear first-order equation xy’ — y = x* sinx on the 
interval (— oo, oo) (verify). FIGURE 1.1.3, obtained using graphing software, shows the graphs of 
some of the solutions in this family. The solution y = —x cos x, the red curve in the figure, is a 
particular solution corresponding to c = 0. Similarly, on the interval (— 00, 00), y = cje* + cyxe* 
is a two-parameter family of solutions (verify) of the linear second-order equation y" — 2y’ + y =0 
in part (b) of Example 6. Some particular solutions of the equation are the trivial solution 
y=O0(c, =c) = 0), y = xe (c; = 0, cn = 1), y = Se* — 2xe* (c; = 5, cp = —2), and so on. 

In all the preceding examples, we have used x and y to denote the independent and dependent 
variables, respectively. But you should become accustomed to seeing and working with other 
symbols to denote these variables. For example, we could denote the independent variable by ¢ 
and the dependent variable by x. 


| EXAMPLE9 | Using Different Symbols 


The functions x = c,cos 4f and x = cysin 4f, where c, and c, are arbitrary constants or 
parameters, are both solutions of the linear differential equation 


x” + 16x = 0. 
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FIGURE 1.1.4 Some solutions of 
xy’ — 4y = 0 in Example 10 
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(b) 


For x = c, cos 4t, the first two derivatives with respect to ¢ are x’ = —4c,sin 4t and 


It 


x" = —16c,cos 4f. Substituting x” and x then gives 

x" + 16x = —16c,cos 4t + 16(c, cos 41) = 0. 
In like manner, for x = c, sin 4t we have x" = —16c)sin 4t, and so 
x" + 16x = —16c2sin 4t + 16(c,sin 4t) = 0. 


Finally, it is straightforward to verify that the linear combination of solutions for the two- 
parameter family x = c, cos 4¢ + c,sin 4f is also a solution of the differential equation. = 


The next example shows that a solution of a differential equation can be a piecewise-defined 
function. 


| EXAMPLE 10 | A Piecewise-Defined Solution 


You should verify that the one-parameter family y = cx* is a one-parameter family of solutions 
of the linear differential equation xy’ — 4y = 0 on the interval (— 00, 00). See FIGURE 1.1.4(a). 
The piecewise-defined differentiable function 


—x1, x<0 
y= 4 


x", x20 


is a particular solution of the equation but cannot be obtained from the family y = cx* by a 
single choice of c; the solution is constructed from the family by choosing c = —1 forx <0 
and c = | for x = 0. See Figure 1.1.4(b). = 


Hi Singular Solution Sometimes a differential equation possesses a solution that is not a 
member of a family of solutions of the equation; that is, a solution that cannot be obtained by 
specializing any of the parameters in the family of solutions. Such an extra solution is called a 
singular solution. For example, we have seen that y = j¢x* and y = 0 are solutions of the dif- 
ferential equation dy/dx = xy” on (— oo, 00). In Section 2.2 we shall demonstrate, by actually 
solving it, that the differential equation dy/dx = xy'” possesses the one-parameter family of 
solutions y = (4x? + c)’, c = 0. When c = 0, the resulting particular solution is y = ;gx*. But 
notice that the trivial solution y = 0 is a singular solution since it is not a member of the family 
y = (4x° + c)’; there is no way of assigning a value to the constant c to obtain y = 0. 


I| Systems of Differential Equations Up to this point we have been discussing sin- 
gle differential equations containing one unknown function. But often in theory, as well as in 
many applications, we must deal with systems of differential equations. A system of ordinary 
differential equations is two or more equations involving the derivatives of two or more unknown 
functions of a single independent variable. For example, if x and y denote dependent variables 
and ft the independent variable, then a system of two first-order differential equations is given by 


dx 

- = f(t,x, y) 

dy (10) 
o. RU, xy). 


A solution of a system such as (10) is a pair of differentiable functions x = $,(4), y = ¢,(4) 
defined on a common interval / that satisfy each equation of the system on this interval. See 
Problems 41 and 42 in Exercises 1.1. 


REMARKS 


(i) It might not be apparent whether a first-order ODE written in differential form M(x, y) dx + 
N(x, y) dy = 0 is linear or nonlinear because there is nothing in this form that tells us which 
symbol denotes the dependent variable. See Problems 9 and 10 in Exercises 1.1. 

(ii) We will see in the chapters that follow that a solution of a differential equation may involve 
an integral-defined function. One way of defining a function F of a single variable x by 
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means of a definite integral is 


ihe) — | g(t) dt. (11) 
If the integrand g in (11) is continuous on an interval [a, b] and a = x = b, then the derivative 
form of the Fundamental Theorem of Calculus states that F is differentiable on (a, b) and 


x 


F'@) = £| so di —"9(x). (12) 


The integral in (11) is often nonelementary, that is, an integral of a function g that does 
not have an elementary-function antiderivative. Elementary functions include the familiar 
functions studied in a typical precalculus course: 


constant, polynomial, rational, exponential, logarithmic, trigonometric, and inverse 
trigonometric functions, 


as well as rational powers of these functions, finite combinations of these functions using 
addition, subtraction, multiplication, division, and function compositions. For example, even 


thoughe~", V1 + 13,andcos? are elementary functions, the integrals fe~" dt, V1 + t dt, 
and fcos f* dt are nonelementary. See Problems 25-28 in Exercises 1.1. 

(iii) Although the concept of a solution of a differential equation has been emphasized in this 
section, you should be aware that a DE does not necessarily have to possess a solution. See 
Problem 43 in Exercises 1.1. The question of whether a solution exists will be touched on in 
the next section. 

(iv) A few last words about implicit solutions of differential equations are in order. In Example 8 
we were able to solve the relation x* + y* = 25 for y in terms of x to get two explicit solutions, 
o\(x) = V25 — x? and d,(x) = —V 25 — x’, of the differential equation (8). But don’t 
read too much into this one example. Unless it is easy, obvious, or important, or you are in- 
structed to, there is usually no need to try to solve an implicit solution G(x, y) = 0 for y ex- 
plicitly in terms of x. Also do not misinterpret the second sentence following Definition 1.1.3. 
An implicit solution G(x, y) = 0 can define a perfectly good differentiable function ¢ that is 
a solution of a DE, but yet we may not be able to solve G(x, y) = 0 using analytical methods 
such as algebra. The solution curve of ¢ may be a segment or piece of the graph of G(x, y) = 0. 
See Problems 49 and 50 in Exercises 1.1. 

(v) If every solution of an nth-order ODE F(x, y, y’,..., y”) = 0 onan interval Jcan be obtained 
from an n-parameter family G(x, y, c), C2, ..., C,) = 0 by appropriate choices of the parameters 
c; 1 = 1, 2,...,n, we then say that the family is the general solution of the DE. In solving 
linear ODEs, we shall impose relatively simple restrictions on the coefficients of the equation; 
with these restrictions one can be assured that not only does a solution exist on an interval but 
also that a family of solutions yields all possible solutions. Nonlinear equations, with the 
exception of some first-order DEs, are usually difficult or even impossible to solve in terms 
of familiar elementary functions. Furthermore, if we happen to obtain a family of solutions 
for a nonlinear equation, it is not evident whether this family contains all solutions. On a 
practical level, then, the designation “general solution” is applied only to linear DEs. Don’t 
be concerned about this concept at this point but store the words general solution in the back 
of your mind—we will come back to this notion in Section 2.3 and again in Chapter 3. 


Rae Exercises Answers to selected odd-numbered problems begin on page ANS-1. 


In Problems 1-8, state the order of the given ordinary 3. Py — ry’ + by =0 
differential equation. Determine whether the equation is linear 
linear by matching it with (6 d*u , du 
or nonlinear by matching it with (6). 4. i - + u = cos(r + u) 
r r 


1. (1 — x)y" — 4xy' + 5y = cos x 
d*y (2) d’y (*) 
2. +y=0 § —>=,/1+(= 
a dx . dx? dx 
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d°R k 
6. — nae a ~~ 
dt“ R 
7. (sin 0)y” — (cos @)y'’ = 2 
L2-i=o 4s 220 
In Problems 9 and 10, determine whether the given first-order 
differential equation is linear in the indicated dependent 
variable by matching it with the first differential equation 
given in (7). 
9. (y° — 1)dx + xdy = 0; iny; inx 


10. udv + (v+ uv — ue") du = 0; inv; inu 


In Problems 11-14, verify that the indicated function is an 

explicit solution of the given differential equation. Assume 

an appropriate interval J of definition for each solution. 

11. 2y'+y=0; y=e*”? 
dy 

12. — + 2y = 24; y= 
dt Bs Smee 

13. y’ — 6y’ + 13y=0; y = e* cos 2x 

14. y+ y=tanx; y= —(cos x) In(sec x + tan x) 


In Problems 15-18, verify that the indicated function y = d(x) 
is an explicit solution of the given first-order differential 
equation. Proceed as in Example 7, by considering @ simply 

as a function, give its domain. Then by considering ¢ as a 
solution of the differential equation, give at least one interval J 
of definition. 


15. (y— xy =y-x+8; yp=xt+4Vx4+2 

16. y' =25+y*; y=5tan5x 

17. y’=2xy; y= 14-2) 

18. 2y’=yrcosx; y=(1—sinx)'? 

In Problems 19 and 20, verify that the indicated expression is 
an implicit solution of the given first-order differential equation. 
Find at least one explicit solution y = (x) in each case. Use a 


graphing utility to obtain the graph of an explicit solution. 
Give an interval J of definition of each solution @. 


19, (X — 1). — 2X); 1 (% — ‘) t 
Ss ae — = : n _ 
dt , x-1 


20. 2xydx + (? —y)dy=0; -2ryt+ty=1 


In Problems 21-24, verify that the indicated family of functions 
is a solution of the given differential equation. Assume an 
appropriate interval J of definition for each solution. 

dP ce" 


ma. —-=P-P); P=—'— 
dt ( ) 1+ ce’ 


dy 3 D) 2 
22. — + 4xy = 8x"; y= 2x°-1+ce™ 
dx 


d*y dy 2% 2x 
23. ae Gg y = cye* + coxe” 
dad’ a d 
24. ote 2 8 te 
x Ix Ix 


y=ox!+extexlnx + 4° 
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In Problems 25—28, use (12) to verify that the indicated function 
is a solution of the given differential equation. Assume an 
appropriate interval J of definition of each solution. 


d * = 3t 
25. x = 3xy = 1; y | s dt 
dx 1 t 


d “cos t 
26. Qo = 2xcosx; y= Va{ Sat 


dx Le Ne 


d 5 10(*sint 
Ae ee ya oy Oty 
dx ' 


dy _» _2 i 
28. +2xy=1;, y=e* +e*] e' dt 
dx 0 


29. Verify that the piecewise-defined function 
_ Le x<0 
y x7, x20 
is a solution of the differential equation xy’ — 2y = 0 on the 
interval (— oo, 00). 
30. In Example 8 we saw that y = $,\(x) = V25 — x” and 


y = (x) = —V25 — x? are solutions of dy/dx = —x/y 
on the interval (—5, 5). Explain why the piecewise-defined 


function 
wae —-5<x<0 
ye "| =V25 = 32, 082<5 


is not a solution of the differential equation on the interval 
(—5, 5). 


In Problems 31-34, find values of m so that the function y = e”” 
is a solution of the given differential equation. 


31. y’ + 2y=0 32. 3y' = 4y 
33. y” — 5y’ + by =0 34. 2y” + Oy’ — 5y =0 


In Problems 35 and 36, find values of m so that the function 
y = x’ is a solution of the given differential equation. 


35. xy" + 2y'’ =0 36. xy” — 7xy’ + 15y =0 


In Problems 37-40, use the concept that y = c, —co <x < ow, 
is a constant function if and only if y’ = 0 to determine whether 
the given differential equation possesses constant solutions. 

37. 3xy’ + 5y = 10 3. y' =y+2y-3 

39. (y-— Dy’ =1 40. y’ + 4y’ + 6y = 10 

In Problems 41 and 42, verify that the indicated pair of functions 


is a solution of the given system of differential equations on the 
interval (— co, co). 


dx d°*x ; 
ee a a oe ee 

d d’ 

a, = x + 3y; Gr = te ef 


x=e 7 + 3e%, x = cos2t + sin2t + te’, 


t 


y=-e* + Se y = —cos 2t — sin 2t — fe 


Discussion Problems 


43. Make up a differential equation that does not possess any real 
solutions. 


44. Make up a differential equation that you feel confident pos- 
sesses only the trivial solution y = 0. Explain your reasoning. 


45. What function do you know from calculus is such that its first 
derivative is itself? Its first derivative is a constant multiple k 
of itself? Write each answer in the form of a first-order dif- 
ferential equation with a solution. 


46. What function (or functions) do you know from calculus is 
such that its second derivative is itself? Its second derivative 
is the negative of itself? Write each answer in the form of a 
second-order differential equation with a solution. 


47. Given that y = sin x is an explicit solution of the first-order 
differential equation dy/dx = V1 — y?. Find an interval J of 
definition. [Hint: J is not the interval (— co, co).] 


48. Discuss why it makes intuitive sense to presume that the lin- 
ear differential equation y” + 2y’ + 4y = 5 sin thas a solution 
of the form y = A sint + Bcost, where A and B are constants. 
Then find specific constants A and B so that y = A sint + Bcost 
is a particular solution of the DE. 


In Problems 49 and 50, the given figure represents the graph 

of an implicit solution G(x, y) = 0 of a differential equation 
dy/ldx = f(x, y). In each case the relation G(x, y) = 0 implicitly 
defines several solutions of the DE. Carefully reproduce each 
figure on a piece of paper. Use different colored pencils to mark 
off segments, or pieces, on each graph that correspond to graphs 
of solutions. Keep in mind that a solution @ must be a function 
and differentiable. Use the solution curve to estimate the 
interval J of definition of each solution @. 


49. YL 50. y 


FIGURE 1.1.6 Graph for 
Problem 50 


FIGURE 1.1.5 Graph for 
Problem 49 


51. The graphs of the members of the one-parameter family 
x? + y? = 3cxy are called folia of Descartes. Verify that this 
family is an implicit solution of the first-order differential 
equation 


dy _ yy’ — 2x°) 
dx = x(2y? — x3) 


52. The graph in FIGURE 1.1.6 is the member of the family of folia 
in Problem 51 corresponding to c = 1. Discuss: How can 
the DE in Problem 51 help in finding points on the graph of 
x* + y? = 3xy where the tangent line is vertical? How does 
knowing where a tangent line is vertical help in determining 


an interval J of definition of a solution ¢ of the DE? Carry out 
your ideas and compare with your estimates of the intervals in 
Problem 50. 


53. In Example 8, the largest interval J over which the explicit 
solutions y = ¢,(x) and y = @¢,(x) are defined is the open 
interval (—5, 5). Why can’t the interval J of definition be the 
closed interval [—5, 5]? 


54. In Problem 21, a one-parameter family of solutions of the DE 
P' = P(1 — P)is given. Does any solution curve pass through 
the point (0, 3)? Through the point (0, 1)? 

55. Discuss, and illustrate with examples, how to solve differen- 
tial equations of the forms dy/dx = f(x) and d*y/dx? = f(x). 


56. The differential equation x(y')? — 4y’ — 12x° = Ohas the form 
given in (4). Determine whether the equation can be put into 
the normal form dy/dx = f(x, y). 

57. The normal form (5) of an nth-order differential equation 
is equivalent to (4) whenever both forms have exactly the 
same solutions. Make up a first-order differential equation 
for which F(x, y, y’) = 0 is not equivalent to the normal form 
dyldx = f(x, y). 

58. Finda linear second-order differential equation F(x, y, y’,y”) =0 
for which y = c,x + c)x* is a two-parameter family of solu- 
tions. Make sure that your equation is free of the arbitrary 
parameters c, and c). 


Qualitative information about a solution y = (x) of a 
differential equation can often be obtained from the equation 
itself. Before working Problems 59-62, recall the geometric 
significance of the derivatives dy/dx and dy/dx’. 
59. Consider the differential equation dy/dx = e saa 
(a) Explain why a solution of the DE must be an increasing 
function on any interval of the x-axis. 


(b) What are lim dy/dx and limdy/dx? What does this 
suggest about a solution curve as x — +00? 

(c) Determine an interval over which a solution curve is concave 
down and an interval over which the curve is concave up. 

(d) Sketch the graph of a solution y = #(x) of the differential 
equation whose shape is suggested by parts (a)-(c). 

60. Consider the differential equation dy/dx = 5 — y. 

(a) Either by inspection, or by the method suggested in 
Problems 37—40, find a constant solution of the DE. 

(b) Using only the differential equation, find intervals on the 
y-axis on which a nonconstant solution y = (x) is in- 
creasing. Find intervals on the y-axis on which y = (x) 
is decreasing. 

61. Consider the differential equation dy/dx = y(a — by), where 
aand b are positive constants. 

(a) Either by inspection, or by the method suggested in 
Problems 37—40, find two constant solutions of the DE. 

(b) Using only the differential equation, find intervals on the 
y-axis on which a nonconstant solution y = (x) is 
increasing. On which y = (x) is decreasing. 

(c) Using only the differential equation, explain why y = a/2b 
is the y-coordinate of a point of inflection of the graph of 
a nonconstant solution y = f(x). 
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(d) On the same coordinate axes, sketch the graphs of the two Computer Lab Assignments 


62. Consider the differential equation y’ = y? + 4. 


(a) 
(b 


(c) 


(d 


~a 


wa 


constant solutions found in part (a). These constant solu- 
tions partition the xy-plane into three regions. In each re- 
gion, sketch the graph of a nonconstant solution y = d(x) 
whose shape is suggested by the results in parts (b) and (c). 


Explain why there exist no constant solutions of the DE. 
Describe the graph of a solution y = (x). For example, 


In Problems 63 and 64, use a CAS to compute all derivatives 
and to carry out the simplifications needed to verify that the 
indicated function is a particular solution of the given differen- 
tial equation. 


63, y — 20y” + 158y” — 580y’ + 841y = 0; 


y= xe” cos 2x 


can a solution curve have any relative extrema? 64. x°y” + 2x’y"” + 20xy’ — 78y = 0; 


Explain why y = Ois the y-coordinate of a point of inflec- 
tion of a solution curve. 


y = 20 cos (5 Inx) 3 sme Inx) 


Sketch the graph of a solution y = (x) of the differential 
equation whose shape is suggested by parts (a)-(c). 


solutions of the DE 


| 
| 
| 
| 
| 


k—— | 


FIGURE 1.2.1 First-order IVP 


solutions of the DE 


<—_— 7 > 


FIGURE 1.2.2 Second-order IVP 
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Initial-Value Problems 


INTRODUCTION We are often interested in problems in which we seek a solution y(x) of a 
differential equation so that y(x) satisfies prescribed side conditions—that is, conditions that are 
imposed on the unknown y(x) or on its derivatives. In this section we examine one such problem 
called an initial-value problem. 


J Initial-Value Problem On some interval / containing x, the problem 


n 


d"y 
= ’ (n—-1) 
a" FG ey”) mt 


Solve: 


Subject to: y(Xo) = Yo. Y' (Xo) = Vises Vo) = n= 


where yo, Yj, --. ,Y,—1 are arbitrarily specified real constants, is called an initial-value problem (IVP). 
The values of y(x) and its first n—1 derivatives at a single point x9: y(%p) = yo, y'(%) = Yp,--- > 
y" (x9) = Y_—-1, are called initial conditions (IC). 


]| First- and Second-Order IVPs The problem given in (1) is also called an nth-order 
initial-value problem. For example, 


Solve: ed = f(, y) 
dx (2) 
Subject to: y(xo) = Yo 
and Solve: dy =fenr) 
ax (3) 


Subject to: y(Xo) = yo. y'(%) = V1 


are first- and second-order initial-value problems, respectively. These two problems are easy 
to interpret in geometric terms. For (2) we are seeking a solution of the differential equation on 
an interval J containing x, so that a solution curve passes through the prescribed point (Xo, yo). 
See FIGURE 1.2.1. For (3) we want to find a solution of the differential equation whose graph not 
only passes through (x9, yo) but passes through so that the slope of the curve at this point is y,. 
See FIGURE 1.2.2. The term initial condition derives from physical systems where the independent 
variable is time t and where y(fo) = yo and y'(f9) = y, represent, respectively, the position and 
velocity of an object at some beginning, or initial, time fo. 

Solving an nth-order initial-value problem frequently entails using an n-parameter family of 
solutions of the given differential equation to find n specialized constants so that the resulting 
particular solution of the equation also “fits” —that is, satisfies—the n initial conditions. 
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FIGURE 1.2.3 Solutions of IVPs in 
Example | 


(a) Function defined for all x 
except x = +1 


y 


(0, -1) 


(b) Solution defined on interval 
containing x = 0 


FIGURE 1.2.4 Graphs of function and 
solution of IVP in Example 2 


| EXAMPLE1 | First-Order IVPs 


(a) It is readily verified that y = ce’ is a one-parameter family of solutions of the simple 
first-order equation y’ = y on the interval (— oo, oo). If we specify an initial condition, say, 
y(0) = 3, then substituting x = 0, y = 3 in the family determines the constant 3 = ce° = c. 
Thus the function y = 3e’ is a solution of the initial-value problem 


y=y, yO) =3. 


(b) Now if we demand that a solution of the differential equation pass through the point 
(1, —2) rather than (0, 3), then y(1) = —2 will yield —2 = ce orc = —2e7!. The function 
y = —2e*' is a solution of the initial-value problem 


y=y, y= —2. 


The graphs of these two solutions are shown in blue in FIGURE 1.2.3. = 


The next example illustrates another first-order initial-value problem. In this example, notice 
how the interval / of definition of the solution y(x) depends on the initial condition y(xp) = yo. 


Interval / of Definition of a Solution 


In Problem 6 of Exercises 2.2 you will be asked to show that a one-parameter family of solutions 
of the first-order differential equation y’ + 2xy* = O is y = 1/(° + c). If we impose the initial 
condition y(0) = —1, then substituting x = 0 and y = —1 into the family of solutions gives 
—1 = I/corc = —1. Thus, y = 1/(? — 1). We now emphasize the following three distinctions. 


* Considered as a function, the domain of y = 1/(x? — 1) is the set of real numbers x for 
which y(x) is defined; this is the set of all real numbers except x = —1 and 
x = 1. See FIGURE 1.2.4(a). 

* Considered as a solution of the differential equation y' + 2xy* = 0, the interval J 
of definition of y = 1/(x? — 1) could be taken to be any interval over which y(x) is 
defined and differentiable. As can be seen in Figure 1.2.4(a), the largest intervals on which 
y = 1/0? — 1) isa solution are (— oo, —1), (—1, 1), and (1, 00). 

* Considered as a solution of the initial-value problem y' + 2xy* = 0, y(0) = —1, the interval 
I of definition of y = 1/( — 1) could be taken to be any interval over which y(x) is defined, 
differentiable, and contains the initial point x = 0; the largest interval for which this is true 
is (-1, 1). See Figure 1.2.4(b). = 


See Problems 3-6 in Exercises 1.2 for a continuation of Example 2. 


| EXAMPLE3 | Second-Order IVP 


In Example 9 of Section 1.1 we saw that x = c, cos 4f + cy sin 4t is a two-parameter family 
of solutions of x” + 16x = 0. Find a solution of the initial-value problem 


x" + 16x = 0, x(m/2) = —2, x'(m/2) = 1. (4) 


SOLUTION We first apply x(77/2) = —2 to the given family of solutions: c, cos 27 + cy sin27 = 
—2. Since cos 27r = | and sin 27 = 0, we find that c, = —2. We next apply x'(a/2) = 1 to 
the one-parameter family x(f) = —2 cos 4t + c, sin 41. Differentiating and then setting 
t = m/2 and x’ = 1 gives 8 sin 277 + 4c, cos 27 = 1, from which we see that c, = }. Hence 


x = —2cos4t + i sin 4¢ is a solution of (4). = 


il Existence and Uniq ueness Two fundamental questions arise in considering an initial- 
value problem: 


Does a solution of the problem exist? If a solution exists, is it unique? 
For a first-order initial-value problem such as (2), we ask: 


Does the differential equation dy/dx = f(x, y) possess solutions? 


Existence f ; 
Do any of the solution curves pass through the point (Xo, Yo)? 


When can we be certain that there is precisely one solution curve passing through 


Uniqueness “ 
the point (Xo, Yo)? 
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FIGURE 1.2.5 Two solutions of the same 


y=0 


(0,0) 


IVP in Example 4 


yy) y=x4/16 


Co, Yo) 


FIGURE 1.2.6 Rectangular region R 
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a 


k—Iyp— 


b 


x 


Note that in Examples | and 3, the phrase “a solution” is used rather than “the solution” of the 
problem. The indefinite article “a” is used deliberately to suggest the possibility that other solu- 
tions may exist. At this point it has not been demonstrated that there is a single solution of each 
problem. The next example illustrates an initial-value problem with two solutions. 


| EXAMPLE4 | An IVP Can Have Several Solutions 


Each of the functions y = 0 and y = 5x" satisfies the differential equation dy/dx = xy"? and 
the initial condition y(0) = 0, and so the initial-value problem dy/dx = xy'”, y(0) = 0, has at 
least two solutions. As illustrated in FIGURE 1.2.5, the graphs of both functions pass through 
the same point (0, 0). = 


Within the safe confines of a formal course in differential equations one can be fairly con- 
fident that most differential equations will have solutions and that solutions of initial-value 
problems will probably be unique. Real life, however, is not so idyllic. Thus it is desirable to 
know in advance of trying to solve an initial-value problem whether a solution exists and, when 
it does, whether it is the only solution of the problem. Since we are going to consider first- 
order differential equations in the next two chapters, we state here without proof a straight- 
forward theorem that gives conditions that are sufficient to guarantee the existence and 
uniqueness of a solution of a first-order initial-value problem of the form given in (2). We 
shall wait until Chapter 3 to address the question of existence and uniqueness of a second-order 
initial-value problem. 


Theorem 1.2.1 Existence of a Unique Solution 


Let R be a rectangular region in the xy-plane defined by a = x = b,c = y = d, that contains 
the point (Xo, yo) in its interior. If f(x, y) and df/dy are continuous on R, then there exists some 
interval Ip: (%) — h, X) + h), h > 0, contained in [a, b], and a unique function y(x) defined on 
Ip that is a solution of the initial-value problem (2). 


The foregoing result is one of the most popular existence and uniqueness theorems for first- 
order differential equations, because the criteria of continuity of f(x, y) and df/dy are relatively 
easy to check. The geometry of Theorem 1.2.1 is illustrated in FIGURE 1.2.6. 


| EXAMPLES | Example 4 Revisited 


We saw in Example 4 that the differential equation dy/dx = xy'”* possesses at least two solu- 
tions whose graphs pass through (0, 0). Inspection of the functions 
of x 
Se 1/2 - 
f(x, y) = xy'? and ay Dy 
shows that they are continuous in the upper half-plane defined by y > 0. Hence Theorem 1.2.1 
enables us to conclude that through any point (Xo, yo), Yo > 0, in the upper half-plane there 
is some interval centered at xy on which the given differential equation has a unique 
solution. Thus, for example, even without solving it we know that there exists some 
interval centered at 2 on which the initial-value problem dy/dx = xy", y(2) = 1, has a 


unique solution. = 


In Example 1, Theorem 1.2.1 guarantees that there are no other solutions of the initial-value 
problems y’ = y, y(0) = 3, and y’ = y, y(1) = —2, other than y = 3e* and y = —2e*"', respec- 
tively. This follows from the fact that f(x, y) = y and df/dy = | are continuous throughout the 
entire xy-plane. It can be further shown that the interval J on which each solution is defined 
is (—0o, 00). 


[| Interval of Existence/Uniqueness Suppose y(x) represents a solution of the 
initial-value problem (2). The following three sets on the real x-axis may not be the same: 
the domain of the function y(x), the interval J over which the solution y(x) is defined or ex- 
ists, and the interval J) of existence and uniqueness. In Example 7 of Section 1.1 we illustrated 
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the difference between the domain of a function and the interval / of definition. Now suppose 
(Xo, Yo) is a point in the interior of the rectangular region R in Theorem 1.2.1. It turns out that the 
continuity of the function f(x, y) on R by itself is sufficient to guarantee the existence of at least 
one solution of dy/dx = f(x, y), yo) = yo, defined on some interval /. The interval / of definition 
for this initial-value problem is usually taken to be the largest interval containing xy over which 
the solution y(x) is defined and differentiable. The interval J depends on both f(x, y) and the 
initial condition y(xp) = yo. See Problems 3 1—34 in Exercises 1.2. The extra condition of continu- 
ity of the first partial derivative df/dy on R enables us to say that not only does a solution exist 
on some interval J) containing xo, but it also is the only solution satisfying y(xp) = yo. However, 
Theorem 1.2.1 does not give any indication of the sizes of the intervals J and Ip; the interval I of 
definition need not be as wide as the region R and the interval I, of existence and uniqueness 
may not be as large as I. The number h > 0 that defines the interval Jp: (xy — h, x9 + h), could 
be very small, and so it is best to think that the solution y(x) is unique in a local sense, that is, a 
solution defined near the point (Xp, yo). See Problem 50 in Exercises 1.2. 


REMARKS 


(i) The conditions in Theorem 1.2.1 are sufficient but not necessary. When f(x, y) and df/dy 
are continuous on a rectangular region R, it must always follow that a solution of (2) exists 
and is unique whenever (Xo, yo) is a point interior to R. However, if the conditions stated 
in the hypotheses of Theorem 1.2.1 do not hold, then anything could happen: Problem (2) 
may still have a solution and this solution may be unique, or (2) may have several solutions, 
or it may have no solution at all. A rereading of Example 4 reveals that the hypotheses of 
Theorem 1.2.1 do not hold on the line y = 0 for the differential equation dy/dx = xy", and 
so it is not surprising, as we saw in Example 4 of this section, that there are two solutions 
defined on a common interval (—/, h) satisfying y(O) = 0. On the other hand, the hypotheses 
of Theorem 1.2.1 do not hold on the line y = 1 for the differential equation dy/dx = ly — Il. 
Nevertheless, it can be proved that the solution of the initial-value problem dy/dx = ly — Il, 
y(0) = 1, is unique. Can you guess this solution? 

(ii) You are encouraged to read, think about, work, and then keep in mind Problem 49 in 
Exercises 1°27 


iei23 |Exercises| Answers to selected odd-numbered problems begin on page ANS-1. 


In Problems | and 2, y = 1/(1 + c,e™) is a one-parameter family 9. x(77r/6) = 5, x'(7/6) = 0 

of solutions of the first-order DE y’ = y — y*. Find a solution of 10, x(7/4) = V2, x'(w/4) = 22 

the first-order IVP consisting of this differential equation and 

the given initial condition. In Problems 11-14, y = c,e* + cye™ is a two-parameter family 


of solutions of the second-order DE y” — y = 0. Find a solution 


evel -l)= 
he, HOLS 2 Kl) = of the second-order IVP consisting of this differential equation 
In Problems 3-6, y = 1/(x* + c) is a one-parameter family of and the given initial conditions. 
solutions of the first-order DE y’ + 2xy* = 0. Find a solution 11. yO) =1, y'(0)=2 2. x)= 0, y'd)—z2 
of the first-order IVP consisting of this differential equation and 13. y(-1)=5, y(-l)=—-5 14 y(0)=0, y'0)=0 


the given initial condition. Give the largest interval J over which 


‘ecahabionasdehicd: In Problems 15 and 16, determine by inspection at least two 


solutions of the given first-order IVP. 


ai _1 

3. y(2) = 3 4. y(—2) = 2 15. y’ = 3y’7, yO) =0 16. xy’ =2y, y(0)=0 

= DN a 

+ = % a a) i In Problems 17—24, determine a region of the xy-plane for which 
In Problems 7-10, x = c, cos t + c sin fis a two-parameter the given differential equation would have a unique solution 
family of solutions of the second-order DE x” + x = 0. Finda whose graph passes through a point (xo, Yo) in the region. 
solution of the second-order IVP consisting of this differential re dy — - dy = ies 
equation and the given initial conditions. Ae y a AY 

7. x0) = —1, x'(0)=8 dy dy 

; 19. x—-=y 20. —-y=x 
8. x(7/2)=0, x'(7/2) = 1 dx dx 
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21. (4— yy’ = x? 
23. 2? + yyy’ =y 


22. (1+ yy’ =x 
4. (y-— xy =ytx 


In Problems 25—28, determine whether Theorem 1.2.1 guaran- 


tees that the differential equation y’ = Vy? — 9 possesses a 
unique solution through the given point. 


25. (1, 4) 26. (5, 3) 
27. (2, —3) 28. (—1, 1) 
29. (a) By inspection, find a one-parameter family of solutions 


30. 


31. 


32. 


33. 


(b) 


(c) 


(a 


a 


(b 


~~ 


(c) 


(a 


~a 


(b 


— 


(a) 


(b) 


(a 


~a 


(b 


~ 
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of the differential equation xy’ = y. Verify that each mem- 
ber of the family is a solution of the initial-value problem 
xy’ = y, y(0) = 0. 

Explain part (a) by determining a region R in the xy-plane 
for which the differential equation xy’ = y would have a 
unique solution through a point (Xo, yo) in R. 

Verify that the piecewise-defined function 


0, 
y= 

x, 
satisfies the condition y(0) = 0. Determine whether this 
function is also a solution of the initial-value problem in 
part (a). 
Verify that y = tan (x + c) is a one-parameter family of 
solutions of the differential equation y’ = 1 + y’. 


x<0O 


x20 


Since f(x, y) = 1 + y’ and dffay = 2y are continuous 
everywhere, the region R in Theorem 1.2.1 can be taken 
to be the entire xy-plane. Use the family of solutions in 
part (a) to find an explicit solution of the first-order initial- 
value problem y’ = 1 + y’, y(0) = 0. Even though x) = 0 
is in the interval (—2, 2), explain why the solution is not 
defined on this interval. 

Determine the largest interval J of definition for the solu- 
tion of the initial-value problem in part (b). 

Verify that y = —1/(x + c) is a one-parameter family of 
solutions of the differential equation y’ = y’. 

Since f(x, y) = y’ and df/dy = 2y are continuous every- 
where, the region R in Theorem 1.2.1 can be taken to be 
the entire xy-plane. Find a solution from the family in 
part (a) that satisfies y(0) = 1. Find a solution from the 
family in part (a) that satisfies y(0) = —1. Determine the 
largest interval J of definition for the solution of each 
initial-value problem. 

Find a solution from the family in part (a) of Problem 31 
that satisfies y’ = y’, y(0) = yo, where yy # 0. Explain 
why the largest interval / of definition for this solution is 
either (— oo, I/yp) or (1/yo, 00). 

Determine the largest interval J of definition for the 
solution of the first-order initial-value problem y’ = y’, 
y(0) = 0. 

Verify that 3x7 — y? = c is a one-parameter family of 
solutions of the differential equation ydy/dx = 3x. 

By hand, sketch the graph of the implicit solution 
3x° — y* = 3. Find all explicit solutions y = (x) of the 
DE in part (a) defined by this relation. Give the interval J 
of definition of each explicit solution. 
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(c) The point (—2, 3) is on the graph of 3x7 — y* = 3, but 
which of the explicit solutions in part (b) satisfies 
W=2) = 3? 

Use the family of solutions in part (a) of Problem 33 to 
find an implicit solution of the initial-value problem 
ydy/ldx = 3x, y(2) = —4. Then, by hand, sketch the graph 
of the explicit solution of this problem and give its inter- 
val I of definition. 


34. (a) 


(b) Are there any explicit solutions of ydy/dx = 3x that pass 
through the origin? 


In Problems 35-38, the graph of a member of a family of solu- 
tions of a second-order differential equation d*y/dx* = f(x, y, y’) 
is given. Match the solution curve with at least one pair of the 
following initial conditions. 


(a) yd) =1,y’d) =-2 
(c) yd) =1,y’d) =2 
(e) yO) = —1,y'(0) = 0 


0) 1-D=0.9(-b = —4 
(d) (0) = —1, y’(0) =2 
(f) y(0) = —4, yO) = -2 


35. y 36. y 
fai 5 = 


54 5b 


FIGURE 1.2.7 Graph for 
Problem 35, 


FIGURE 1.2.8 Graph for 
Problem 36 


37. y 38. y 
Sv s+ 


25+ 5+ 


FIGURE 1.2.9 Graph for 
Problem 37 


FIGURE 1.2.10 Graph for 
Problem 38 


In Problems 39-44, y = c; cos 3x + c, sin 3x is a two-parameter 
family of solutions of the second-order DE y” + 9y = 0. If pos- 
sible, find a solution of the differential equation that satisfies the 
given side conditions. The conditions specified at two different 
points are called boundary conditions. 


39. y(0) = 0, y(7/6) = —-1 40. y(0) = 0, y(7) = 0 
M1. y’(0) =0, y'(7/4) = 0 42. y(0O) = 1, y'(7) =5 
43. y(0) = 0, y(a7) = 4 44. y'(77/3) = 1, y'(7) = 0 


Discussion Problems 


In Problems 45 and 46, use Problem 55 in Exercises 1.1 and (2) 
and (3) of this section. 


45. Find a function y = f(x) whose graph at each point (x, y) has 
the slope given by 8e** + 6x and has the y-intercept (0, 9). 


46. Find a function y = f(x) whose second derivative is y” = 0, x<0 
12x — 2 at each point (x, y) on its graph and y =—-x+5is and yx) = txt x Z0 
tangent to the graph at the point corresponding to x = 1. 
47. Consider the initial-value problem y’ = x — 2y, y(0) = i have the same domain but are clearly different. See FIGURES 1.2.12{a) 
i : : : : and 1.2.12(b), respectively. Show that both functions are solu- 
Determine which of the two curves shown in FIGURE 1.2.11 is . ant 2 
; : : : tions of the initial-value problem dy/dx = xy’, y(2) = 1 on the 
the only plausible solution curve. Explain your reasoning. . — 
interval (—oo, 00). Resolve the apparent contradiction between 
this fact and the last sentence in Example 5. 
; x (a) (b) 
FIGURE 1.2.12 Two solutions of the IVP in Problem 50 
FIGURE 1.2.11 Graph for Problem 47 
51. Show that 
48. Determine a plausible value of xy for which the graph of the ; 
solution of the initial-value problem y’ + 2y = 3x — 6, y(%) = 0 = if = 
: : : : x= dt 
is tangent to the x-axis at (xo, 0). Explain your reasoning. 0 Ve+1 
pare mupone Haile Dest cHdet peed una? ss lai dyidix — fy) is an implicit solution of the initial-value problem 
possesses a one-parameter family of solutions and that f(x, y) 
satisfies the hypotheses of Theorem 1.2.1 in some rectangular d’y eo. _ 10) <1 
region R of the xy-plane. Explain why two different solution de sy = 0, WO) = 0 yO = 1. 
curves cannot intersect or be tangent to each other at a point 
(Xo, Yo) in R. Assume that y = 0. [Hint: The integral is nonelementary. See 
50. The functions (ii) in the Remarks at the end of Section 1.1.] 


y(x) = 7x4, 


FIGURE 1.3.1 Da Vinci’s apparatus for 
determining the speed of falling body 


—-o <x< co 
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INTRODUCTION In this section we introduce the notion of a mathematical model. Roughly 
speaking, a mathematical model is a mathematical description of something. This description could 
be as simple as a function. For example, Leonardo da Vinci (1452-1519) was able to deduce the 
speed v of a falling body by a examining a sequence. Leonardo allowed water drops to fall, at equally 
spaced intervals of time, between two boards covered with blotting paper. When a spring mechanism 
was disengaged, the boards were clapped together. See FIGURE 1.3.1. By carefully examining the 
sequence of water blots, Leonardo discovered that the distances between consecutive drops increased 
in “a continuous arithmetic proportion.” In this manner he discovered the formula v = gz. 

Although there are many kinds of mathematical models, in this section we focus only on dif- 
ferential equations and discuss some specific differential-equation models in biology, physics, 
and chemistry. Once we have studied some methods for solving DEs, in Chapters 2 and 3 we 
return to, and solve, some of these models. 


| Mathematical Models It is often desirable to describe the behavior of some real-life 
system or phenomenon, whether physical, sociological, or even economic, in mathematical terms. 
The mathematical description of a system or a phenomenon is called a mathematical model and 
is constructed with certain goals in mind. For example, we may wish to understand the mecha- 
nisms of a certain ecosystem by studying the growth of animal populations in that system, or we 
may wish to date fossils by means of analyzing the decay of a radioactive substance either in the 
fossil or in the stratum in which it was discovered. 

Construction of a mathematical model of a system starts with identification of the variables that 
are responsible for changing the system. We may choose not to incorporate all these variables into 
the model at first. In this first step we are specifying the level of resolution of the model. Next, 
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we make a set of reasonable assumptions or hypotheses about the system we are trying to describe. 
These assumptions will also include any empirical laws that may be applicable to the system. 

For some purposes it may be perfectly within reason to be content with low-resolution models. 
For example, you may already be aware that in modeling the motion of a body falling near the surface 
of the Earth, the retarding force of air friction, is sometimes ignored in beginning physics courses; 
but if you are a scientist whose job it is to accurately predict the flight path of a long-range projectile, 
air resistance and other factors such as the curvature of the Earth have to be taken into account. 

Since the assumptions made about a system frequently involve a rate of change of one or more 
of the variables, the mathematical depiction of all these assumptions may be one or more equa- 
tions involving derivatives. In other words, the mathematical model may be a differential equation 
or a system of differential equations. 

Once we have formulated a mathematical model that is either a differential equation or a 
system of differential equations, we are faced with the not insignificant problem of trying to solve 
it. Jf we can solve it, then we deem the model to be reasonable if its solution is consistent with 
either experimental data or known facts about the behavior of the system. But if the predictions 
produced by the solution are poor, we can either increase the level of resolution of the model or 
make alternative assumptions about the mechanisms for change in the system. The steps of the 
modeling process are then repeated as shown in FIGURE 1.3.2. 


Assumptions Express assumptions Mathematical 
and hypotheses in terms of DEs formulation 


If necessary, | 


alter assumptions 
or increase resolution 


Solve the DEs 


of the model | 

Check model Display predictions ae 
predictions with <—  ofthemodel <— ie ee 

known facts (e.g., graphically) solutions 


FIGURE 1.3.2 Steps in the modeling process 


Of course, by increasing the resolution we add to the complexity of the mathematical model and 
increase the likelihood that we cannot obtain an explicit solution. 

A mathematical model of a physical system will often involve the variable time ¢. A solution of 
the model then gives the state of the system; in other words, for appropriate values of f, the values 
of the dependent variable (or variables) describe the system in the past, present, and future. 


[| Population Dynamics One of the earliest attempts to model human population growth 
by means of mathematics was by the English economist Thomas Malthus (1776-1834) in 1798. 
Basically, the idea of the Malthusian model is the assumption that the rate at which a population 
of a country grows at a certain time is proportional* to the total population of the country at that 
time. In other words, the more people there are at time ¢, the more there are going to be in the 
future. In mathematical terms, if P(t) denotes the total population at time f, then this assumption 
can be expressed as 


uF eB or a 3 ip (1) 

dt dt 
where k is aconstant of proportionality. This simple model, which fails to take into account many 
factors (immigration and emigration, for example) that can influence human populations to either 
grow or decline, nevertheless turned out to be fairly accurate in predicting the population of the 
United States during the years 1790-1860. Populations that grow at a rate described by (1) are 
rare; nevertheless, (1) is still used to model growth of small populations over short intervals of 
time, for example, bacteria growing in a petri dish. 


*If two quantities u and v are proportional, we write u « v. This means one quantity is a constant multiple 
of the other: u = kv. 
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il Radioactive Decay The nucleus of an atom consists of combinations of protons and 
neutrons. Many of these combinations of protons and neutrons are unstable; that is, the atoms 
decay or transmute into the atoms of another substance. Such nuclei are said to be radioactive. 
For example, over time, the highly radioactive radium, Ra-226, transmutes into the radioactive 
gas radon, Rn-222. In modeling the phenomenon of radioactive decay, it is assumed that the 
rate dA/dt at which the nuclei of a substance decays is proportional to the amount (more precisely, 
the number of nuclei) A(t) of the substance remaining at time f: 


cas x«A or aa = kA. (2) 
dt dt 
Of course equations (1) and (2) are exactly the same; the difference is only in the interpretation 
of the symbols and the constants of proportionality. For growth, as we expect in (1), k > 0, and 
in the case of (2) and decay, k < 0. 

The model (1) for growth can be seen as the equation dS/dt = rS, which describes the growth of 
capital S when an annual rate of interest ris compounded continuously. The model (2) for decay also 
occurs in a biological setting, such as determining the half-life of a drug—the time that it takes for 
50% of a drug to be eliminated from a body by excretion or metabolism. In chemistry, the decay 
model (2) appears as the mathematical description of a first-order chemical reaction. The point is this: 


A single differential equation can serve as a mathematical model for many different 
phenomena. 


Mathematical models are often accompanied by certain side conditions. For example, in (1) 
and (2) we would expect to know, in turn, an initial population Py and an initial amount of radio- 
active substance Ag that is on hand. If this initial point in time is taken to be t = 0, then we know 
that P(O) = Py and A(O) = Ao. In other words, a mathematical model can consist of either an initial- 
value problem or, as we shall see later in Section 3.9, a boundary-value problem. 


I| Newton’s Law of Cooling/Warming According to Newton’s empirical law of 
cooling—or warming—the rate at which the temperature of a body changes is proportional to the 
difference between the temperature of the body and the temperature of the surrounding medium, 
the so-called ambient temperature. If 7(t) represents the temperature of a body at time ¢, T,,, the 
temperature of the surrounding medium, and d7/dt the rate at which the temperature of the body 
changes, then Newton’s law of cooling/warming translates into the mathematical statement 
dT 
5 © TT 
dt 
where k is a constant of proportionality. In either case, cooling or warming, if 7, is a constant, 
it stands to reason that k < 0. 


dT 
~~ = KT -T. 
or = 4 (3) 


I Spread of a Disease A contagious disease—for example, a flu virus—is spread through- 
out a community by people coming into contact with other people. Let x(7) denote the number 
of people who have contracted the disease and y(t) the number of people who have not yet been 
exposed. It seems reasonable to assume that the rate dx/dt at which the disease spreads is pro- 
portional to the number of encounters or interactions between these two groups of people. If we 
assume that the number of interactions is jointly proportional to x() and y(#), that is, proportional 
to the product xy, then 


dx 

— = kxy, 4 

rami. (4) 
where k is the usual constant of proportionality. Suppose a small community has a fixed population 


of n people. If one infected person is introduced into this community, then it could be argued that x(A) 
and y(t) are related by x + y =n + 1. Using this last equation to eliminate y in (4) gives us the model 
dx 
— = k(n | — x), 5 
it (n x) (5) 
An obvious initial condition accompanying equation (5) is x(0) = 1. 
I| Chemical Reactions The disintegration of a radioactive substance, governed by the 
differential equation (2), is said to be a first-order reaction. In chemistry, a few reactions follow 
this same empirical law: If the molecules of substance A decompose into smaller molecules, it 
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input rate of brine 
3 gal/min 


constant 
300 gal 


output rate of brine 
3 gal/min 


FIGURE 1.3.3 Mixing tank 
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is a natural assumption that the rate at which this decomposition takes place is proportional to 
the amount of the first substance that has not undergone conversion; that is, if X(t) is the amount 
of substance A remaining at any time, then dX/dt = kX, where k is a negative constant since X is 
decreasing. An example of a first-order chemical reaction is the conversion of t-butyl chloride 
into t-butyl alcohol: 


(CH;),;CCl + NaOH — (CH;);COH + NaCl. 
Only the concentration of the ¢-butyl chloride controls the rate of reaction. But in the reaction 
CH,Cl + NaOH > CH,;0H + NaCl, 


for every molecule of methyl chloride, one molecule of sodium hydroxide is consumed, thus 
forming one molecule of methyl alcohol and one molecule of sodium chloride. In this case the 
rate at which the reaction proceeds is proportional to the product of the remaining concentrations 
of CH3Cl and of NaOH. If X denotes the amount of CH;0H formed and a and B are the given 
amounts of the first two chemicals A and B, then the instantaneous amounts not converted to 
chemical C are a — X and B — X, respectively. Hence the rate of formation of C is given by 
= = fe he: (6) 
dt 
where k is a constant of proportionality. A reaction whose model is equation (6) is said to be 
second order. 


I| Mixtures The mixing of two salt solutions of differing concentrations gives rise to a first- 
order differential equation for the amount of salt contained in the mixture. Let us suppose that a 
large mixing tank initially holds 300 gallons of brine (that is, water in which a certain number 
of pounds of salt has been dissolved). Another brine solution is pumped into the large tank at a 
rate of 3 gallons per minute; the concentration of the salt in this inflow is 2 pounds of salt per 
gallon. When the solution in the tank is well stirred, it is pumped out at the same rate as the enter- 
ing solution. See FIGURE 1.3.3. If A(¢) denotes the amount of salt (measured in pounds) in the tank 
at time f, then the rate at which A(t) changes is a net rate: 


dA i t rat tput rat 
dA _ ee ral ; _ & put rai |) =R, — Ry, (7) 
dt of salt of salt 


The input rate R,,, at which the salt enters the tank is the product of the inflow concentration of 
salt and the inflow rate of fluid. Note that R;,,, is measured in pounds per minute: 


concentration 
of salt input rate input rate 
in inflow of brine of salt 
HE 4, A 


Ri, = (2 |b/gal) - (3 gal/min) = (6 Ib/min). 


Now, since the solution is being pumped out of the tank at the same rate that it is pumped in, the 
number of gallons of brine in the tank at time ¢ is a constant 300 gallons. Hence the concentration 
of the salt in the tank, as well as in the outflow, is c(t) = A(t)/300 Ib/gal, and so the output rate 
Rou Of salt is 


out 


concentration 
of salt output rate output rate 
in outflow of brine of salt 
1 1 t 
R (2 Ib/ : (3 gal/min) Ao Ib/mi 
= | —— al } - al/min) = —— l|b/min. 
out 300 g g 100 
The net rate (7) then becomes 
dA A dA 1 
—_— = 6- —_— —_+——A =6. 8 
di 100 © = dt_——‘100 a 
If r,, and r,,,, denote general input and output rates of the brine solutions,* respectively, then 
there are three possibilities: 7, = ours Vin > “our ANd in < Toy; In the analysis leading to (8) we 


*Don’t confuse these symbols with R;,, and R,,,, which are input and output rates of salt. 
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FIGURE 1.3.4 Water draining from a tank 


UU 
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(a) LRC-series circuit 


Inductor 


voltage drop across: 


inductance L: henrys (h) 


di 
dt 


= ih) 


L 


Resistor 


voltage drop across: 


resistance R: ohms (Q) 


iR 


——n 


i> 


R 


Capacitor 


voltage drop across: 


capacitance C: farads (f) 


ale 
Gd 


S| _——— 


Cc 


(b) Symbols and voltage drops 


FIGURE 1.3.5 Current i(t) and charge g(f) 
are measured in amperes (A) and 


coulombs (C), respectively 


have assumed that r;, = r,,,. In the latter two cases, the number of gallons of brine in the tank is 
either increasing (Fj, > 1,,) or decreasing (7, < r,,;) at the net rate rj, — T>,,. See Problems 10-12 
in Exercises 1.3. 


Hi Draining aTank In hydrodynamics, Torricelli’s law states that the speed v of efflux of 
water through a sharp-edged hole at the bottom of a tank filled to a depth h is the same as the 
speed that a body (in this case a drop of water) would acquire in falling freely from a height h; 
that is, v = V2gh, where g is the acceleration due to gravity. This last expression comes from 
equating the kinetic energy 5mv’ with the potential energy mgh and solving for v. Suppose a tank 
filled with water is allowed to drain through a hole under the influence of gravity. We would like 
to find the depth / of water remaining in the tank at time rf. Consider the tank shown in FIGURE 1.3.4. 
If the area of the hole is A, (in ft”) and the speed of the water leaving the tank is v = V2gh 
(in ft/s), then the volume of water leaving the tank per second is A, V2gh (in ft?/s). Thus if V(t) 
denotes the volume of water in the tank at time f, 


dV 
a —A,V2gh, (9) 


where the minus sign indicates that V is decreasing. Note here that we are ignoring the possibil- 
ity of friction at the hole that might cause a reduction of the rate of flow there. Now if the tank 
is such that the volume of water in it at time t can be written V(t) = A,,h, where A,, (in ft”) is the 
constant area of the upper surface of the water (see Figure 1.3.4), then dV/dt = A,,dh/dt. Substituting 
this last expression into (9) gives us the desired differential equation for the height of the water 
at time f: 

dh Ap 

7 A, 2eh. (10) 
It is interesting to note that (10) remains valid even when A,, is not constant. In this case we must 
express the upper surface area of the water as a function of h; that is, A,, = A(h). See Problem 14 
in Exercises 1.3. 


I| Series Circuits Consider the single-loop LRC-series circuit containing an inductor, resis- 
tor, and capacitor shown in FIGURE 1.3.5(a). The current in a circuit after a switch is closed is denoted 
by i(f); the charge on a capacitor at time ¢ is denoted by q(t). The letters L, R, and C are known 
as inductance, resistance, and capacitance, respectively, and are generally constants. Now ac- 
cording to Kirchhoff’s second law, the impressed voltage E(t) on a closed loop must equal the 
sum of the voltage drops in the loop. Figure 1.3.5(b) also shows the symbols and the formulas 
for the respective voltage drops across an inductor, a resistor, and a capacitor. Since current i(f) 
is related to charge q(t) on the capacitor by i = dq/dt, by adding the three voltage drops 


Inductor Resistor Capacitor 
di d° d 1 

pear irn=rRt* a 
dt dt dt Cc 


and equating the sum to the impressed voltage, we obtain a second-order differential equation 


d°q dq 1 
Lo > R + pS BY. " 
dt a7 eee mt 


We will examine a differential equation analogous to (11) in great detail in Section 3.8. 


|| Falling Bodies Inconstructing a mathematical model of the motion of a body moving 
in a force field, one often starts with Newton’s second law of motion. Recall from elementary 
physics that Newton’s first law of motion states that a body will either remain at rest or will 
continue to move with a constant velocity unless acted upon by an external force. In each case 
this is equivalent to saying that when the sum of the forces F = }F,—that is, the net or resul- 
tant force—acting on the body is zero, then the acceleration a of the body is zero. Newton’s 
second law of motion indicates that when the net force acting on a body is not zero, then the 
net force is proportional to its acceleration a, or more precisely, F = ma, where m is the mass 
of the body. 
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building 


ground 


FIGURE 1.3.6 Position of rock measured 
from ground level 


kv 
positive A 
direction air resistance 
gravity 
v 
mg 


FIGURE 1.3.7 Falling body of mass m 


(a) Telephone wires 


(b) Suspension bridge 


FIGURE 1.3.8 Cables suspended between 
vertical supports 


Ty sin 0 


T,cos 0 


FIGURE 1.3.9 Element of cable 


Now suppose a rock is tossed upward from a roof of a building as illustrated in FIGURE 1.3.6. 
What is the position s(¢) of the rock relative to the ground at time t? The acceleration of the rock 
is the second derivative d’s/dt*. If we assume that the upward direction is positive and that no 
force acts on the rock other than the force of gravity, then Newton’s second law gives 


d’s d’s 
a or ~ = 2. 12 
m2 mg rr g (12) 
In other words, the net force is simply the weight F = F,; = —Wof the rock near the surface of 


the Earth. Recall that the magnitude of the weight is W = mg, where m is the mass of the body 
and g is the acceleration due to gravity. The minus sign in (12) is used because the weight of the 
rock is a force directed downward, which is opposite to the positive direction. If the height of the 
building is sy and the initial velocity of the rock is vo, then s is determined from the second-order 
initial-value problem 


d’s _ 
dt? 


—8, s(0) = 5, s'(0) = vo. (13) 


Although we have not stressed solutions of the equations we have constructed, we note that (13) 
can be solved by integrating the constant —g twice with respect to ft. The initial conditions de- 
termine the two constants of integration. You might recognize the solution of (13) from elemen- 
tary physics as the formula s(t) = —3 gt? + vot + 5p. 


Hi Falling Bodies and Air Resistance Prior to the famous experiment by Italian 
mathematician and physicist Galileo Galilei (1564-1642) from the Leaning Tower of Pisa, it 
was generally believed that heavier objects in free fall, such as a cannonball, fell with a greater 
acceleration than lighter objects, such as a feather. Obviously a cannonball and a feather, when 
dropped simultaneously from the same height, do fall at different rates, but it is not because a 
cannonball is heavier. The difference in rates is due to air resistance. The resistive force of air 
was ignored in the model given in (13). Under some circumstances a falling body of mass 
m—such as a feather with low density and irregular shape—encounters air resistance propor- 
tional to its instantaneous velocity v. If we take, in this circumstance, the positive direction to 
be oriented downward, then the net force acting on the mass is given by F = F, + F, = mg — ky, 
where the weight F; = mg of the body is a force acting in the positive direction and air resis- 
tance F, = —kvisa force, called viscous damping, or drag, acting in the opposite or upward 
direction. See FIGURE 1.3.7. Now since v is related to acceleration a by a = dv/dt, Newton’s second 
law becomes F = ma = mdv/dt. By equating the net force to this form of Newton’s second law, 
we obtain a first-order differential equation for the velocity v(7) of the body at time ¢, 
dy 


mo = mg — kv. (14) 


Here k is a positive constant of proportionality called the drag coefficient. If s(7) is the distance 
the body falls in time f from its initial point of release, then v = ds/dt and a = dv/dt = d’s/dt’. 
In terms of s, (14) is a second-order differential equation 


oS = mg -— k= oF 4S = mg. 15 
ma mg ; or in—; ; mg (15) 


I Suspended Cables Suppose a flexible cable, wire, or heavy rope is suspended between 
two vertical supports. Physical examples of this could be a long telephone wire strung between 
two posts as shown in red in FIGURE 1.3.8(a), or one of the two cables supporting the roadbed of a 
suspension bridge shown in red in Figure 1.3.8(b). Our goal is to construct a mathematical model 
that describes the shape that such a cable assumes. 

To begin, let’s agree to examine only a portion or element of the cable between its lowest point 
P, and any arbitrary point P,. As drawn in blue in FIGURE 1.3.9, this element of the cable is the 
curve in a rectangular coordinate system with the y-axis chosen to pass through the lowest point 
P, on the curve and the x-axis chosen a units below P,. Three forces are acting on the cable: the 
tensions T, and T, in the cable that are tangent to the cable at P; and P;, respectively, and the 
portion W of the total vertical load between the points P,; and P,. Let T, = |T,|, 
T, = |T,I, and W = | WI denote the magnitudes of these vectors. Now the tension T, resolves 
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into horizontal and vertical components (scalar quantities) T, cos @ and T, sin 0. Because of static 
equilibrium, we can write 


T, = T,cos@ and W = Tysiné. 


By dividing the last equation by the first, we eliminate T, and get tan 0 = W/T,. But since 
dy/dx = tan 0, we arrive at 
dy W 
a (16) 
dx T, 
This simple first-order differential equation serves as a model for both the shape of a flexible wire 
such as a telephone wire hanging under its own weight as well as the shape of the cables that 
support the roadbed. We will come back to equation (16) in Exercises 2.2 and in Section 3.11. 


REMARKS 


Each example in this section has described a dynamical system: a system that changes or evolves 
with the flow of time ¢. Since the study of dynamical systems is a branch of mathematics currently 
in vogue, we shall occasionally relate the terminology of that field to the discussion at hand. 

In more precise terms, a dynamical system consists of a set of time-dependent variables, 
called state variables, together with a rule that enables us to determine (without ambiguity) the 
state of the system (this may be past, present, or future states) in terms of a state prescribed 
at some time fy. Dynamical systems are classified as either discrete-time systems or continuous-time 
systems. In this course we shall be concerned only with continuous-time dynamical systems— 
systems in which all variables are defined over a continuous range of time. The rule or the 
mathematical model in a continuous-time dynamical system is a differential equation or a system 
of differential equations. The state of the system at a time ¢ is the value of the state variables at 
that time; the specified state of the system at a time f) is simply the initial conditions that ac- 
company the mathematical model. The solution of the initial-value problem is referred to as the 
response of the system. For example, in the preceding case of radioactive decay, the rule is 
dA/dt = kA. Now if the quantity of a radioactive substance at some time f) is known, say 
A(to) = Ao, then by solving the rule, the response of the system for t = fp is found to be 
A(t) = Age’ “ (see Section 2.7). The response A(f) is the single-state variable for this system. 
In the case of the rock tossed from the roof of the building, the response of the system, the solu- 
tion of the differential equation d’s/dt? = —g subject to the initial state s(0) = so, s’(0) = vo, is 
the function s(t) = —5gt? + vot + so, 0 = t = T, where the symbol T represents the time when 
the rock hits the ground. The state variables are s() and s’(t), which are, respectively, the vertical 
position of the rock above ground and its velocity at time t. The acceleration s’(f) is not a state 
variable since we only have to know any initial position and initial velocity at a time fy to uniquely 
determine the rock’s position s(t) and velocity s’() = v(2) for any time in the interval [7, 7]. The 
acceleration s"(t) = a(t) is, of course, given by the differential equation s"(t) = —g,0<1<T. 

One last point: Not every system studied in this text is a dynamical system. We shall also 
examine some static systems in which the model is a differential equation. 


ERED Exercises Answers to selected odd-numbered problems begin on page ANS-1. 


Population Dynamics that the rate at which the population changes is a net rate—that 
is, the difference between the rate of births and the rate of 
deaths in the community. Determine a model for the popula- 
tion P(¢) if both the birth rate and the death rate are proportional 
to the population present at time f. 


1. Under the same assumptions underlying the model in (1), de- 
termine a differential equation governing the growing popula- 
tion P(A) of acountry when individuals are allowed to immigrate 
into the country at a constant rate r > 0. What is the differen- 
tial equation for the population P(t) of the country when indi- 
viduals are allowed to emigrate at a constant rate r > 0? 


3. Using the concept of a net rate introduced in Problem 2, de- 
termine a differential equation governing a population P(A) if 
the birth rate is proportional to the population present at time 
t but the death rate is proportional to the square of the popula- 
tion present at time ¢. 


2. The population model given in (1) fails to take death into 
consideration; the growth rate equals the birth rate. In another 
model of a changing population of a community, it is assumed 
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4. Modify the model in Problem 3 for the net rate at which the Mixtures 
population P(f) of a certain kind of fish changes by also as- 
suming that the fish are harvested at a constant rate h > 0. 


9. Suppose that a large mixing tank initially holds 300 gallons 

of water in which 50 pounds of salt has been dissolved. Pure 
Newton's Law of Cooling/Wa rming water is pumped into the tank at a rate of 3 gal/min, and when 
the solution is well stirred, it is pumped out at the same rate. 


5. A cup of coffee cools according to Newton’s law of cooling Determine a differential equation for the amount A(f) of salt 
(3). Use data from the graph of the temperature 7(t) in in the tank at time ¢, What is A(0)? 


FIGURE 1.3.10 to estimate the constants T,,,, Tp, and k in a model 


m 


of the form of the first-order initial-value problem 


10. Suppose that a large mixing tank initially holds 300 gallons 
of water in which 50 pounds of salt has been dissolved. 


aT -KT-—T,), 10) =T, Another brine solution is pumped into the tank at a rate of 3 
dt ds ° gal/min, and when the solution is well stirred, it is pumped 
T out at a slower rate of 2 gal/min. If the concentration of the 


solution entering is 2 lb/gal, determine a differential equation 
for the amount A(f) of salt in the tank at time ¢. 

150 11. What is the differential equation in Problem 10 if the well- 
stirred solution is pumped out at a faster rate of 3.5 gal/min? 


12. Generalize the model given in (8) of this section by assuming 
that the large tank initially contains Np number of gallons of brine, 
r;, and r,,, are the input and output rates of the brine, respectively 
(measured in gallons per minute), c;,, is the concentration of the 
salt in the inflow, c(f) is the concentration of the salt in the tank 
as well as in the outflow at time ¢ (measured in pounds of salt 

FIGURE 1.3.10 Cooling curve in Problem 5 per gallon), and A(f) is the amount of salt in the tank at time ¢. 


! ! ! L 
0 50 100 ¢ 
min 


6. The ambient temperature 7,,, in (3) could be a function of 


time t. Suppose that in an artificially controlled environment, Draining a Tank 


T,,(t) is periodic with a 24-hour period, as illustrated in 13. Suppose water is leaking from a tank through a circular hole of 
FIGURE 1.3.11. Devise a mathematical model for the temperature area A, at its bottom. When water leaks through a hole, friction 
T(t) of a body within this environment. and contraction of the stream near the hole reduce the volume 
T,,(t) of the water leaving the tank per second to cA, V 2gh, where 


c(0 <c < 1)is an empirical constant. Determine a differential 
equation for the height / of water at time f for the cubical tank 
in FIGURE 1.3.12. The radius of the hole is 2 in and g = 32 ft/s’. 


120- 
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FIGURE 1.3.12 Cubical tank in Problem 13 
FIGURE 1.3.11 Ambient temperature in Problem 6 


14. The right-circular conical tank shown in FIGURE 1.3.13 loses 
Spread of a Disease/Technology water out of a circular hole at its bottom. Determine a dif- 
ferential equation for the height of the water h at time ¢. The 
radius of the hole is 2 in, g = 32 ft/s”, and the friction/contrac- 
tion factor introduced in Problem 13 is c = 0.6. 


7. Suppose a student carrying a flu virus returns to an isolated 
college campus of 1000 students. Determine a differential 
equation governing the number of students x(t) who have con- 


tracted the flu if the rate at which the disease spreads is pro- 8 ft 
portional to the number of interactions between the number SS 
of students with the flu and the number of students who have \ =e, 
not yet been exposed to it. |. 
8. Ata time ¢ = 0, a technological innovation is introduced into i 20 ft 
a community with a fixed population of n people. Determine 
a differential equation governing the number of people x(f) 
who have adopted the innovation at time rif it is assumed that ~ 
the rate at which the innovation spreads through the commu- 6 ‘eircular hole 
nity is jointly proportional to the number of people who have : 
adopted it and the number of people who have not adopted it. FIGURE 1.3.13 Conical tank in Problem 14 
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Series Circuits 


15. 


16. 


A series circuit contains a resistor and an inductor as shown 
in FIGURE 1.3.14. Determine a differential equation for the cur- 
rent i(t) if the resistance is R, the inductance is L, and the 
impressed voltage is E(t). 


R 


FIGURE 1.3.14 LR-series circuit in Problem 15 


A series circuit contains a resistor and a capacitor as shown 
in FIGURE 1.3.15. Determine a differential equation for the 
charge q(f) on the capacitor if the resistance is R, the capaci- 
tance is C, and the impressed voltage is E(t). 


WN. 
R 


Cc 


FIGURE 1.3.15 RC-series circuit in Problem 16 


Falling Bodies and Air Resistance 


17. 


For high-speed motion through the air—such as the skydiver 
shown in FIGURE 1.3.16 falling before the parachute is opened— 
air resistance is closer to a power of the instantaneous veloc- 
ity v(t). Determine a differential equation for the velocity v(f) 
of a falling body of mass m if air resistance is proportional to 
the square of the instantaneous velocity. 


ee 
a 


—= 


mg 


FIGURE 1.3.16 Air resistance proportional to square 
of velocity in Problem 17 


Newton's Second Law and Archimedes’ Principle 


18. 


A cylindrical barrel s ft in diameter of weight w Ib is floating 
in water as shown in FIGURE 1.3.17(a). After an initial depres- 
sion, the barrel exhibits an up-and-down bobbing motion along 
a vertical line. Using Figure 1.3.17(b), determine a differential 
equation for the vertical displacement y(‘) if the origin is taken 
to be on the vertical axis at the surface of the water when the 
barrel is at rest. Use Archimedes’ principle: Buoyancy, or 
upward force of the water on the barrel, is equal to the weight 
of the water displaced. Assume that the downward direction 
is positive, that the weight density of water is 62.4 Ib/ft*, and 
that there is no resistance between the barrel and the water. 


s/2 


y 
(a) (b) 


FIGURE 1.3.17 Bobbing motion of floating barrel in Problem 18 


Newton's Second Law and Hooke’s Law 


19. 


20. 


After a mass m is attached to a spring, it stretches s units and 
then hangs at rest in the equilibrium position as shown in 
FIGURE 1.3.18(b). After the spring/mass system has been set in 
motion, let x(7) denote the directed distance of the mass beyond 
the equilibrium position. As indicated in Figure 1.3.18(c), as- 
sume that the downward direction is positive, that the motion 
takes place in a vertical straight line through the center of 
gravity of the mass, and that the only forces acting on the 
system are the weight of the mass and the restoring force of 
the stretched spring. Use Hooke’s law: The restoring force of 
a spring is proportional to its total elongation. Determine a 
differential equation for the displacement x(f) at time ¢. 


i f 
unstretched s x(t) 0 
spring v | a, 
x(t) >0 
equilibrium i 
position on 
(a) (b) (c) 


FIGURE 1.3.18 Spring/mass system in Problem 19 


In Problem 19, what is a differential equation for the displace- 
ment x(t) if the motion takes place in a medium that imparts 
a damping force on the spring/mass system that is proportional 
to the instantaneous velocity of the mass and acts in a direction 
opposite to that of motion? 


Newton's Second Law and Variable Mass 


When the mass m of a body moving through a force field is variable, 
Newton’s second law of motion takes on the form: If the net force 
acting on a body is not zero, then the net force F is equal to the 
time rate of change of momentum of the body. That is, 


re 


dt mn 


where mv is momentum. Use this formulation of Newton’s second 
law in Problems 21 and 22. 


*Note that when m is constant, this is the same as F = ma. 
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21. 


22. 


Consider a single-stage rocket that is launched vertically up- 
ward as shown in the accompanying photo. Let m(t) denote 
the total mass of the rocket at time t (which is the sum of three 
masses: the constant mass of the payload, the constant mass 
of the vehicle, and the variable amount of fuel). Assume that 
the positive direction is upward, air resistance is proportional 
to the instantaneous velocity v of the rocket, and R is the upward 
thrust or force generated by the propulsion system. Use (17) 
to find a mathematical model for the velocity v(4) of the rocket. 


© Sebastian Kaulitzki/ShutterStock, Inc. 

Rocket in Problem 21 

In Problem 21, suppose m(t) = m, + m, + mp(t) where m, is 

constant mass of the payload, m, is the constant mass of the 

vehicle, and m,(t) is the variable amount of fuel. 

(a) Show that the rate at which the total mass of the rocket 
changes is the same as the rate at which the mass of the 
fuel changes. 

(b) If the rocket consumes its fuel at a constant rate A, find 
m(t). Then rewrite the differential equation in Problem 
21 in terms of A and the initial total mass m(O) = mo. 

(c) Under the assumption in part (b), show that the burnout 
time t, > 0 of the rocket, or the time at which all the fuel 
is consumed, is 4, = m,(0)/A, where m,(0) is the initial 
mass of the fuel. 


Newton's Second Law and the Law of Universal 
Gravitation 


23. 


By Newton’s law of universal gravitation, the free-fall accel- 
eration a of a body, such as the satellite shown in FIGURE 1.3.19, 
falling a great distance to the surface is not the constant g. Rather, 
the acceleration a is inversely proportional to the square of the 
distance from the center of the Earth, a = k/r’, where k is the 
constant of proportionality. Use the fact that at the surface of 
the Earth r = R anda = g to determine k. If the positive direc- 
tion is upward, use Newton’s second law and his universal law 
of gravitation to find a differential equation for the distance r. 


satellite of 


mass m Zs 
ce 
ot 
r 
R 
| AL 
Earth of mass M 


FIGURE 1.3.19 Satellite in Problem 23 
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24. 


Suppose a hole is drilled through the center of the Earth and a 
bowling ball of mass m is dropped into the hole, as shown in 
FIGURE 1.3.20. Construct a mathematical model that describes 
the motion of the ball. At time ¢ let r denote the distance from 
the center of the Earth to the mass m, M denote the mass of the 
Earth, M,. denote the mass of that portion of the Earth within a 
sphere of radius r, and 6 denote the constant density of the Earth. 


surface 


FIGURE 1.3.20 Hole through Earth in Problem 24 


Additional Mathematical Models 


25. 


26. 


21. 


28. 


29. 


Learning Theory In the theory of learning, the rate at which a 
subject is memorized is assumed to be proportional to the amount 
that is left to be memorized. Suppose /M denotes the total amount 
of a subject to be memorized and A(f) is the amount memorized 
in time t. Determine a differential equation for the amount A(¢). 


Forgetfulness In Problem 25, assume that the rate at which 
material is forgotten is proportional to the amount memorized 
in time t. Determine a differential equation for A(t) when for- 
getfulness is taken into account. 


Infusion of aDrug A drug is infused into a patient’s blood- 
stream at a constant rate of r grams per second. Simultaneously, 
the drug is removed at a rate proportional to the amount x(f) 
of the drug present at time ¢. Determine a differential equation 
governing the amount x(f). 
Tractrix A motorboat starts at the origin and moves in the 
direction of the positive x-axis, pulling a waterskier along a 
curve C called a tractrix. See FIGURE 1.3.21. The waterskier, 
initially located on the y-axis at the point (0, s), is pulled by 
keeping a rope of constant length s, which is kept taut through- 
out the motion. At time ¢ > 0 the waterskier is at the point 
P(x, y). Find the differential equation of the path of motion C. 
y 


(0,5) 
N P(x,y) 


waterskier 


motorboat 


FIGURE 1.3.21 Tractrix curve in Problem 28 


Reflecting Surface Assume that when the plane curve C 
shown in FIGURE 1.3.22 is revolved about the x-axis it generates 
a surface of revolution with the property that all light rays L 
parallel to the x-axis striking the surface are reflected to a single 
point O (the origin). Use the fact that the angle of incidence is 
equal to the angle of reflection to determine a differential equa- 
tion that describes the shape of the curve C. Such a curve C is 


important in applications ranging from construction of telescopes 
to satellite antennas, automobile headlights, and solar collectors. 
[Hint: Inspection of the figure shows that we can write @ = 20. 
Why? Now use an appropriate trigonometric identity. ] 


tangent 


x 


FIGURE 1.3.22 Reflecting surface in Problem 29 


Discussion Problems 


30. 


31. 


33. 


34. 


Reread Problem 45 in Exercises 1.1 and then give an explicit 
solution P(f) for equation (1). Find a one-parameter family of 
solutions of (1). 


Reread the sentence following equation (3) and assume that 
T,, 18 a positive constant. Discuss why we would expect 


k <0 in (3) in both cases of cooling and warming. You might 
start by interpreting, say, T(t) > T,,, in a graphical manner. 


Reread the discussion leading up to equation (8). If we assume 
that initially the tank holds, say, 50 Ibs of salt, it stands to reason 
that since salt is being added to the tank continuously fort > 0, 
that A(7) should be an increasing function. Discuss how you 
might determine from the DE, without actually solving it, the 
number of pounds of salt in the tank after a long period of time. 


PopulationModel The differential equation dP/dt = (kcos t)P, 
where k is a positive constant, is a model of human population 
P(t) of a certain community. Discuss an interpretation for the 
solution of this equation; in other words, what kind of popu- 
lation do you think the differential equation describes? 


Rotating Fluid As shown in FIGURE 1.3.23(a), a right-circular 
cylinder partially filled with fluid is rotated with a constant 
angular velocity w about a vertical y-axis through its center. The 
rotating fluid is a surface of revolution S. To identify S we first 
establish a coordinate system consisting of a vertical plane de- 
termined by the y-axis and an x-axis drawn perpendicular to the 
y-axis such that the point of intersection of the axes (the origin) 
is located at the lowest point on the surface S. We then seek a 
function y = f(x), which represents the curve C of intersection 
of the surface S$ and the vertical coordinate plane. Let the point 
P(x, y) denote the position of a particle of the rotating fluid of 
mass m in the coordinate plane. See Figure 1.3.23(b). 
(a) At P, there is a reaction force of magnitude F due to the 
other particles of the fluid, which is normal to the surface S. 
By Newton’s second law the magnitude of the net force 
acting on the particle is mw*x. What is this force? Use Figure 


1.3.23(b) to discuss the nature and origin of the equations 
Fcos@=mg, Fsin@ = max. 


(b) Use part (a) to find a first-order differential equation that 
defines the function y = f(x). 


y 


curve C of intersection 
of xy-plane and 
surface of revolution 


tangent line to 
curve C at P 


(a) (b) 


FIGURE 1.3.23 Rotating fluid in Problem 34 


35. 


36. 


37. 


Falling Body In Problem 23, suppose r = R + s, where s is 
the distance from the surface of the Earth to the falling body. 
What does the differential equation obtained in Problem 23 
become when s is very small compared to R? 


Raindrops Keep Falling In meteorology, the term virga refers 
to falling raindrops or ice particles that evaporate before they 
reach the ground. Assume that a typical raindrop is spherical 
in shape. Starting at some time, which we can designate as 
t = 0, the raindrop of radius ry falls from rest from a cloud 
and begins to evaporate. 

(a) Ifitis assumed that a raindrop evaporates in such a manner 
that its shape remains spherical, then it also makes sense to 
assume that the rate at which the raindrop evaporates—that 
is, the rate at which it loses mass—is proportional to its 
surface area. Show that this latter assumption implies that 
the rate at which the radius r of the raindrop decreases is 
aconstant. Find r(¢). [Hint: See Problem 55 in Exercises 1.1.] 

(b) If the positive direction is downward, construct a math- 
ematical model for the velocity v of the falling raindrop 
at time ¢. Ignore air resistance. [Hint: Use the form of 
Newton’s second law as given in (17).] 

LetItSnow The “snowplow problem’ is a classic and appears 

in many differential equations texts but was probably made 

famous by Ralph Palmer Agnew: 


“One day it started snowing at a heavy and steady rate. A 
snowplow started out at noon, going 2 miles the first hour 
and | mile the second hour. What time did it start snowing?” 


If possible, find the text Differential Equations, Ralph Palmer 
Agnew, McGraw-Hill, and then discuss the construction and 
solution of the mathematical model. 


© aetb/iStock/Thinkstock 
Snowplow in Problem 37 
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38. 


39. 


Reread this section and classify each mathematical model as 
linear or nonlinear. 


PopulationDynamics Suppose that P’(t) = 0.15 P(t) repre- 
sents a mathematical model for the growth of a certain cell 
culture, where P(t) is the size of the culture (measured in 
millions of cells) at time ¢ (measured in hours). How fast is 
the culture growing at the time ¢ when the size of the culture 
reaches 2 million cells? 


40. Radioactive Decay Suppose that 
A'(t) = —0.0004332 A(t) 


represents a mathematical model for the decay of radium-226, 
where A(f) is the amount of radium (measured in grams) re- 
maining at time ¢ (measured in years). How much of the radium 
sample remains at time t when the sample is decaying at a rate 
of 0.002 grams per year? 
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In Problems | and 2, fill in the blank and then write this result as 
a linear first-order differential equation that is free of the symbol 
c, and has the form dy/dx = f(x, y). The symbols c, and k repre- 
sent constants. 


1. 


d = 
a + ce) = 


In Problems 3 and 4, fill in the blank and then write this result as 
a linear second-order differential equation that is free of the 
symbols c, and c, and has the form F(y, y”) = 0. The symbols 
C1, Co, and k represent constants. 


3. 


2 
cos kx + c, sin kx) = 


ax? 


d2 
he 5 (c; cosh kx + c sinh kx) = 
Ix 


In Problems 5 and 6, compute y’ and y” and then combine 
these derivatives with y as a linear second-order differential 
equation that is free of the symbols c, and c, and has the form 
F(y, y', y") = 0. The symbols c, and c, represent constants. 


5. 


y = cye” + Coxe" 6. y = cye*cosx + coe*sinx 


In Problems 7—12, match each of the given differential equations 
with one or more of these solutions: 
(a) y=0, (b) y=2, © y=2x, @) y= 2. 


7. 
9. 
11. 


xy’ = 2y 8 y' =2 
y =2y—-4 10. xy’ =y 
y’ + 9y = 18 12. xy"—y' =0 


In Problems 13 and 14, determine by inspection at least one 
solution of the given differential equation. 


13. y"=y’ 14. y’ = y(y — 3) 

In Problems 15 and 16, interpret each statement as a differential 
equation. 

15. On the graph of y = (x), the slope of the tangent line at a 


point P(x, y) is the square of the distance from P(x, y) to the 
origin. 


. On the graph of y = (x), the rate at which the slope changes 


with respect to x at a point P(x, y) is the negative of the slope 
of the tangent line at P(x, y). 
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17. (a) Give the domain of the function y = x7”. 


(b) Give the largest interval J of definition over which 

y = x is a solution of the differential equation 

3xy’ — 2y = 0. 

Verify that the one-parameter family y* — 2y = x* — 

x + cis an implicit solution of the differential equation 

(2y — 2)y' = 2x —- 1. 

(b) Find a member of the one-parameter family in part (a) 
that satisfies the initial condition y(O) = 1. 

(c) Use your result in part (b) to find an explicit function 
y = d(x) that satisfies y(0) = 1. Give the domain of ¢. 
Is y = $(x) a solution of the initial-value problem? If so, 
give its interval J of definition; if not, explain. 


— 

co 
—_ 

i) 
— 


2 
19. Given that y = a + xis a solution of the DE xy’ + y = 2x. 


Find x9 and the largest interval J for which y(x) is a solution 
of the IVP 


xy’ + y = 2x, ywW(X%) = 1. 


20. Suppose that y(x) denotes a solution of the initial-value prob- 
lem y’ = x? + y’, y(1) = —1 and that y(x) possesses at least 
a second derivative at x = 1. In some neighborhood of 
x = 1, use the DE to determine whether y(x) is increasing or 
decreasing, and whether the graph y(x) is concave up or con- 
cave down. 


21. A differential equation may possess more than one family of 

solutions. 

(a) Plot different members of the families y = ,(x) = 
x +c,andy = (x) = —X% + c&. 

(b) Verify that y = ¢,(x) and y = @,(x) are two solutions of 
the nonlinear first-order differential equation (y’)? = 4x°. 

(c) Construct a piecewise-defined function that is a solution 
of the nonlinear DE in part (b) but is not a member of 
either family of solutions in part (a). 


22. What is the slope of the tangent line to the graph of the solution 
of y’ = 6Vy + 5x° that passes through (—1, 4)? 


In Problems 23-26, verify that the indicated function is an 
explicit solution of the given differential equation. Give an 
interval of definition / for each solution. 


23. y’+y=2cosx—2sinx; y=xsinx + xcosx 


24. y" + ysecx; y=xsinx + (cos x) In(cos x) 


25. xy" +xy'+y=0; y=sin(inx) 
26. x°y” + xy’ + y = sec(In x); 
y = cos(In x) In(cos(In x)) + Un x) sin(n x) 


In Problems 27-30, use (12) of Section 1.1 to verify that 
the indicated function is a solution of the given differential 
equation. Assume an appropriate interval / of definition of 
each solution. 


dy Rs eee 
27. — + (sinx)y = x; y = e*! te °° dt 
dx 0 


dy ae 
28. — —- 2xy=es y= e| e' ' dt 
dx lo 


vat | 


29. x*y" + x? -— ny’ + -xny=0; y= | = dt 
1 


ps x 
30. y’ t+y= ev: y= sinx| e’cos tdt — cos x| e’sin t dt 
0 0 


In Problems 31-34, verify that the indicated expression is an 
implicit solution of the given differential equation. 


d 1 
31. x ty a oxy He es 
dx y 
dy\? 1 
32. (2) t1l=—s @-74+y?=1 
dx y 


33. y’ = 2y(y's_ vy + 3y = 2 - 3x 
34. (1 +xy)y'+y=0; y=e” 


In Problems 35-38, y = cye ** + coe + 4x is a two- 
parameter family of the second-order differential equation 

y” + 2y’ — 3y = —12x + 8. Find a solution of the second- 
order initial-value problem consisting of this differential 
equation and the given initial conditions. 


35. (0) = 0, y'(0)=0 36. y(0) = 5, y'(0) = —-11 
37. y(1) = -2, y'(1) =4 38. W-D=1, y'(-l)=1 


In Problem 39 and 40, verify that the function defined by the 
definite integral is a particular solution of the given differential 
equation. In both problems, use Leibniz’s rule for the derivative 
of an integral: 

v(x) 


| rt Ndt = Flx, vo) — FG, wey) + | 
— Xx, = F(x, v(x))— — F(x, u(x))— 
dx u(x) dx dx u(x) 


39. y+ 9vy=f(x); yx) = s| 0 sin 3(x — t)dt 
0 


0 
—F (x, t)dt. 
Ox 


40. 


41. 


42. 


43. 


T 
xy" +y' —xy=0; y= | e* °°" dt Hint: After computing 
0 
y’ use integration by parts with respect to ¢.] 


The graph of a solution of a second-order initial-value problem 
d’yldx’ = f(x, y, y'), y(2) = yo, y’(2) = yj, is given in 
FIGURE 1.R.1. Use the graph to estimate the values of yy and y,. 


y 


FIGURE 1.R.1 Graph for Problem 41 


A tank in the form of a right-circular cylinder of radius 2 feet 
and height 10 feet is standing on end. If the tank is initially 
full of water, and water leaks from a circular hole of radius 
5 inch at its bottom, determine a differential equation for the 
height h of the water at time ¢. Ignore friction and contraction 
of water at the hole. 


A uniform 10-foot-long heavy rope is coiled loosely on the 
ground. As shown in FIGURE 1.R.2 one end of the rope is pulled 
vertically upward by means of a constant force of 5 lb. The 
rope weighs | Ib/ft. Use Newton’s second law in the form 
given in (17) in Exercises 1.3 to determine a differential equa- 
tion for the height x(t) of the end above ground level at time f. 
Assume that the positive direction is upward. 


5 lb 
upward 
force 


FIGURE 1.R.2 Rope pulled upward in Problem 43 
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CHAPTER 


We begin our study of differential 
equations with first-order 
equations. In this chapter we 
illustrate the three different ways 
differential equations can be 
studied: qualitatively, 
analytically, and numerically. 


In Section 2.1 we examine DEs 
qualitatively. We shall see that a 
DE can often tell us information 
about the behavior of its 
solutions even if you do not 

have any solutions in hand. In 
Sections 2.2-2.5 we examine DEs 
analytically. This means we study 
specialized techniques for 
obtaining implicit and explicit 
solutions. In Sections 2.7 and 2.8 
we apply these solution methods 
to some of the mathematical 
models that were discussed in 
Section 1.3. Then in Section 2.6 
we discuss a simple technique for 
“solving” a DE numerically. This 
means, in contrast to the 
analytical approach where 
solutions are equations or 
formulas, that we use the DE to 
construct a way of obtaining 
quantitative information about an 
unknown solution. 


The chapter ends with an 
introduction to mathematical 
modeling with systems of first- 
order differential equations. 


First-Order 


Differential Equations 
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(a) f (2, 3) = 1.2 is slope of 
lineal element at (2, 3) 
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(2, 3) 


tangent 


FIGURE 2.1.1 Solution curve is tangent 


(b) A solution curve 


passing through (2, 3) 


to lineal element at (2, 3) 
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| Solution Curves Without a Solution 


INTRODUCTION Some differential equations do not possess any solutions. For example, 
there is no real function that satisfies (y’)? + 1 = 0. Some differential equations possess solutions 
that can be found analytically, that is, solutions in explicit or implicit form found by implement- 
ing an equation-specific method of solution. These solution methods may involve certain ma- 
nipulations, such as a substitution, and procedures, such as integration. Some differential 
equations possess solutions but the differential equation cannot be solved analytically. In other 
words, when we say that a solution of a DE exists, we do not mean that there also exists a method 
of solution that will produce explicit or implicit solutions. Over a time span of centuries, math- 
ematicians have devised ingenious procedures for solving some very specialized equations, so 
there are, not surprisingly, a large number of differential equations that can be solved analytically. 
Although we shall study some of these methods of solution for first-order equations in the sub- 
sequent sections of this chapter, let us imagine for the moment that we have in front of us a 
first-order differential equation in normal form dy/dx = f(x, y), and let us further imagine that 
we can neither find nor invent a method for solving it analytically. This is not as bad a predica- 
ment as one might think, since the differential equation itself can sometimes “tell” us specifics 
about how its solutions “behave.” We have seen in Section 1.2 that whenever f(x, y) and df/ay 
satisfy certain continuity conditions, qualitative questions about existence and uniqueness of 
solutions can be answered. In this section we shall see that other qualitative questions about 
properties of solutions—such as, How does a solution behave near a certain point? or, How does 
a solution behave as x + co?—can often be answered when the function f depends solely on the 
variable y. 

We begin our study of first-order differential equations with two ways of analyzing a DE 
qualitatively. Both these ways enable us to determine, in an approximate sense, what a solution 
curve must look like without actually solving the equation. 


2.1.1 Direction Fields 


I Slope We begin with a simple concept from calculus: A derivative dy/dx of a differen- 
tiable function y = y(x) gives slopes of tangent lines at points on its graph. Because a solution 
y = y(x) of a first-order differential equation dy/dx = f(x, y) is necessarily a differentiable 
function on its interval J of definition, it must also be continuous on /. Thus the corresponding 
solution curve on J must have no breaks and must possess a tangent line at each point (x, y(x)). 
The slope of the tangent line at (x, y(x)) on a solution curve is the value of the first derivative 
dy/dx at this point, and this we know from the differential equation f(x, y(x)). Now suppose 
that (x, y) represents any point in a region of the xy-plane over which the function fis defined. 
The value f(x, y) that the function f assigns to the point represents the slope of a line, or as we 
shall envision it, a line segment called a lineal element. For example, consider the equation 
dy/dx = 0.2xy, where f(x, y) = 0.2xy. At, say, the point (2, 3), the slope of a lineal element is 


f(2, 3) = 0.2(2)(3) = 1.2. FIGURE 2.1.1(a) shows a line segment with slope 1.2 passing through 


(2, 3). As shown in Figure 2.1.1(b), ifa solution curve also passes through the point (2, 3), it 
does so tangent to this line segment; in other words, the lineal element is a miniature tangent 
line at that point. 


[| Direction Field If we systematically evaluate f over a rectangular grid of points in the 
xy-plane and draw a lineal element at each point (x, y) of the grid with slope f(x, y), then the 
collection of all these lineal elements is called a direction field or a slope field of the differential 
equation dy/dx = f(x, y). Visually, the direction field suggests the appearance or shape of a fam- 
ily of solution curves of the differential equation, and consequently it may be possible to see at 
a glance certain qualitative aspects of the solutions—regions in the plane, for example, in which 
a solution exhibits an unusual behavior. A single solution curve that passes through a direction 
field must follow the flow pattern of the field; it is tangent to a lineal element when it intersects 
a point in the grid. 
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FIGURE 2.1.2 Direction field and solution 
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FIGURE 2.1.3 Direction field for 
dy/dx = sin y in Example 2 


| EXAMPLE1 | Direction Field 


The direction field for the differential equation dy/dx = 0.2xy shown in FIGURE 2.1.2(a) was 
obtained using computer software in which a5 X 5 grid of points (mh, nh), m and 
n integers, was defined by letting -5 =m =5, -5 =n =5 andh = 1. Notice in 
Figure 2.1.2(a) that at any point along the x-axis (y = 0) and the y-axis (x = 0) the slopes 
are f(x, 0) = 0 and f(0, y) = 0, respectively, so the lineal elements are horizontal. Moreover, 
observe in the first quadrant that for a fixed value of x, the values of f(x, y) = 0.2xy 
increase as y increases; similarly, for a fixed y, the values of f(x, y) = 0.2xy increase as 
x increases. This means that as both x and y increase, the lineal elements become almost 
vertical and have positive slope (f(x, y) = 0.2xy > 0 for x > 0, y > 0). In the second 
quadrant, | f(x, y)l increases as Ixl and y increase, and so the lineal elements again become 
almost vertical but this time have negative slope (f(x, y) = 0.2xy < 0 forx < 0, y > 0). 
Reading left to right, imagine a solution curve starts at a point in the second quadrant, 
moves steeply downward, becomes flat as it passes through the y-axis, and then as it 
enters the first quadrant moves steeply upward—in other words, its shape would be concave 
upward and similar to a horseshoe. From this it could be surmised that y—> oo as x > *oo. 
Now in the third and fourth quadrants, since f(x, y) = 0.2xy > 0 and f(x, y) = 0.2xy < 0, 
respectively, the situation is reversed; a solution curve increases and then decreases as 
we move from left to right. 

We saw in (1) of Section 1.1 that y = e°” is an explicit solution of the differential 
equation dy/dx = 0.2xy; you should verify that a one-parameter family of solutions of the 
same equation is given by y = ce°, For purposes of comparison with Figure 2.1.2(a) some 


representative graphs of members of this family are shown in Figure 2.1.2(b). = 


| EXAMPLE2 | Direction Field 


Use a direction field to sketch an approximate solution curve for the initial-value problem 
dy/dx = sin y, y(0) = — 3. 


SOLUTION Before proceeding, recall that from the continuity of f(x, y) = sin y and 
oflay = cos y, Theorem 1.2.1 guarantees the existence of a unique solution curve passing 
through any specified point (xp, yo) in the plane. Now we set our computer software again 
for a5 X 5 rectangular region, and specify (because of the initial condition) points in that 
region with vertical and horizontal separation of + unit—that is, at points (mh, nh), h = 5, 
mand n integers such that —10 =m = 10, —10 =n <= 10. The result is shown in FIGURE 2.1.3. 
Since the right-hand side of dy/dx = sin y is 0 at y = 0 and at y = —7,, the lineal elements 
are horizontal at all points whose second coordinates are y = 0 or y = —7. It makes sense 
then that a solution curve passing through the initial point (0, — 3) has the shape shown in 


color in the figure. = 


1! Increasing/Decreasing Interpretation of the derivative dy/dx as a function that gives 
slope plays the key role in the construction of a direction field. Another telling property of the 
first derivative will be used next, namely, if dy/dx > 0 (or dy/dx < 0) for all x in an interval /, 
then a differentiable function y = y(x) is increasing (or decreasing) on J. 


REMARKS 


Sketching a direction field by hand is straightforward but time consuming; it is probably one 
of those tasks about which an argument can be made for doing it once or twice in a lifetime, 
but is overall most efficiently carried out by means of computer software. Prior to calculators, 


PCs, and software, the method of isoclines was used to facilitate sketching a direction field 
by hand. For the DE dy/dx = f(x, y), any member of the family of curves f(x, y) = c, 
caconstant, is called an isocline. Lineal elements drawn through points on a specific isocline, 
say, f(x, y) = c;, all have the same slope c,. In Problem 15 in Exercises 2.1, you have your 
two opportunities to sketch a direction field by hand. 
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2.1.2 Autonomous First-Order DEs 


Il DEs Free of the Independent Variable In Section 1.1 we divided the class of or- 
dinary differential equations into two types: linear and nonlinear. We now consider briefly another 
kind of classification of ordinary differential equations, a classification that is of particular im- 
portance in the qualitative investigation of differential equations. An ordinary differential equa- 
tion in which the independent variable does not appear explicitly is said to be autonomous. If 
the symbol x denotes the independent variable, then an autonomous first-order differential equa- 
tion can be written in general form as F(y, y’) = 0 or in normal form as 


dy 


a fo (1) 


We shall assume throughout the discussion that follows that fin (1) and its derivative f’ are 
continuous functions of y on some interval /. The first-order equations 


ff) SF, y) 
1 


dy dy 
—=1+y d —= 0.2: 
dx a. dx - 


are autonomous and nonautonomous, respectively. 

Many differential equations encountered in applications, or equations that are models of 
physical laws that do not change over time, are autonomous. As we have already seen in Section 
1.3, in an applied context, symbols other than y and x are routinely used to represent the dependent 
and independent variables. For example, if t represents time, then inspection of 


dA d dT dA 1 
= KA = t+1-v», —=KT-T,), —=6-—A, 
dt dt dt dt 100 


where k, n, and T,, are constants, shows that each equation is time-independent. Indeed, all of 
the first-order differential equations introduced in Section 1.3 are time-independent and so are 
autonomous. 


I Critical Points The zeros of the function fin (1) are of special importance. We say that 
areal number c is a critical point of the autonomous differential equation (1) if it is a zero of f, 
that is, f(c) = 0. A critical point is also called an equilibrium point or stationary point. Now 
observe that if we substitute the constant function y(x) = c into (1), then both sides of the equation 
equal zero. This means 


If c is a critical point of (1), then y(x) = c is a constant solution of the autonomous 
differential equation. 


A constant solution y(x) = c of (1) is called an equilibrium solution; equilibria are the only 
constant solutions of (1). 

As already mentioned, we can tell when a nonconstant solution y = y(x) of (1) is increas- 
ing or decreasing by determining the algebraic sign of the derivative dy/dx; in the case of (1) 
we do this by identifying the intervals on the y-axis over which the function f(y) is positive 
or negative. 


| EXAMPLE3 | An Autonomous DE 


The differential equation 


Spa be) 
dt , , 
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P-axis 


FIGURE 2.1.4 Phase portrait for 
Example 3 
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FIGURE 2.1.5 Lines y(x) = c, and 
y(x) = Cp partition R into three 
horizontal subregions 


where a and b are positive constants, has the normal form dP/dt = f(P), which is (1) with ¢ 
and P playing the parts of x and y, respectively, and hence is autonomous. From 
f(P) = P(a — bP) = 0, we see that 0 and a/b are critical points of the equation and so the 
equilibrium solutions are P(t) = 0 and P(t) = a/b. By putting the critical points on a vertical line, 
we divide the line into three intervals defined by -co < P<0,0< P<a/b,alh< P<. 
The arrows on the line shown in FIGURE 2.1.4 indicate the algebraic sign of f(P) = P(a — bP) 
on these intervals and whether a nonconstant solution P(t) is increasing or decreasing on an 
interval. The following table explains the figure. 


Interval Sign of f(P) P(t) 


(—oo, 0) minus decreasing points down 
(0, a/b) plus increasing points up 
(a/b, co) minus decreasing points down 


Figure 2.1.4 is called a one-dimensional phase portrait, or simply phase portrait, of the 


differential equation dP/dt = P(a — bP). The vertical line is called a phase line. = 


I| Solution Curves Without solving an autonomous differential equation, we can usually 
say a great deal about its solution curves. Since the function fin (1) is independent of the vari- 
able x, we can consider f defined for —co < x < oo or for 0 = x < on. Also, since f and its 
derivative f’ are continuous functions of y on some interval J of the y-axis, the fundamental results 
of Theorem 1.2.1 hold in some horizontal strip or region R in the xy-plane corresponding to J, 
and so through any point (Xo, yo) in R there passes only one solution curve of (1). See FIGURE 2.1.5(a). 
For the sake of discussion, let us suppose that (1) possesses exactly two critical points, c, and c, 
and that c,; < c>. The graphs of the equilibrium solutions y(x) = c, and y(x) = c are horizontal 
lines, and these lines partition the region R into three subregions Rj, Ro, and R; as illustrated in 
Figure 2.1.5(b). Without proof, here are some conclusions that we can draw about a nonconstant 
solution y(x) of (1): 


¢ If(Xp, yo) is ina subregion R;, i = 1, 2, 3, and y(x) is a solution whose graph passes through 
this point, then y(x) remains in the subregion R; for all x. As illustrated in Figure 2.1.5(b), 
the solution y(x) in R, is bounded below by c, and above by cy; that is, c; < y(x) < c, for 
all x. The solution curve stays within R, for all x because the graph of a nonconstant solu- 
tion of (1) cannot cross the graph of either equilibrium solution y(x) = c, or y(x) = cp. See 
Problem 33 in Exercises 2.1. 

¢ By continuity of fwe must then have either f(y) > 0 or f(y) < 0 for all x in a subregion R;, 
i = 1, 2, 3. In other words, f(y) cannot change signs in a subregion. See Problem 33 in 
Exercises 2.1. 

e Since dy/dx = f()(x)) is either positive or negative in a subregion R,, i = 1, 2, 3, a solution 
y(x) is strictly monotonic—that is, y(x) is either increasing or decreasing in a subregion R;. 
Therefore y(x) cannot be oscillatory, nor can it have a relative extremum (maximum or 
minimum). See Problem 33 in Exercises 2.1. 

¢ If y(x) is bounded above by a critical point c; (as in subregion R,; where y(x) < c, for all x), 
then the graph of y(x) must approach the graph of the equilibrium solution y(x) = c, either 
as x — oo or as x > —oo. If y(x) is bounded—that is, bounded above and below by two 
consecutive critical points (as in subregion Ry where c; < y(x) < c, for all x), then the graph 
of y(x) must approach the graphs of the equilibrium solutions y(x) = c, and y(x) = co, one 
as x — oo and the other as x — —oo. If y(x) is bounded below by a critical point (as in 
subregion R3 where cy) < y(x) for all x), then the graph of y(x) must approach the graph of 
the equilibrium solution y(x) = c, either as x + oo or as x + —oo. See Problem 34 in 
Exercises 2.1. 


With the foregoing facts in mind, let us reexamine the differential equation in Example 3. 
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FIGURE 2.1.6 Phase portrait and solution 
curves in each of the three subregions in 
Example 4 


| EXAMPLE4 | Example 3 Revisited 


The three intervals determined on the P-axis or phase line by the critical points P = 0 and 
P = a/b now correspond in the tP-plane to three subregions: 


Ry: -oo <P <0, R,:0<P <a, R;: alb << P<, 


where —oo < t < co. The phase portrait in Figure 2.1.4 tells us that P(7) is decreasing in R,, 
increasing in R,, and decreasing in R3. If P(O) = Pp is an initial value, then in R,, R,, and R3, 
we have, respectively, the following: 


(i) For Py < 0, P(A) is bounded above. Since P(t) is decreasing, P(t) decreases without 
bound for increasing tf and so P(t) > 0 as t—> —oo. This means the negative t-axis, 
the graph of the equilibrium solution P(t) = 0, is a horizontal asymptote for a solu- 
tion curve. 

(ii) For 0 < Py < a/b, P(t) is bounded. Since P(f) is increasing, P(t) > a/b as t > oo 
and P(t) > 0 as t— —oo. The graphs of the two equilibrium solutions, P(t) = 0 and 
P(t) = a/b, are horizontal lines that are horizontal asymptotes for any solution curve 
starting in this subregion. 

(iii) For Py > a/b, P(t) is bounded below. Since P(f) is decreasing, P(t) > a/b as t> co. 
The graph of the equilibrium solution P(t) = a/b is a horizontal asymptote for a 
solution curve. 


In FIGURE 2.1.6, the phase line is the P-axis in the tP-plane. For clarity, the original phase 
line from Figure 2.1.4 is reproduced to the left of the plane in which the subregions R;, Ro, 
and R; are shaded. The graphs of the equilibrium solutions P(t) = a/b and P(t) = 0 (the t-axis) 
are shown in the figure as blue dashed lines; the solid graphs represent typical graphs of P(t) 
illustrating the three cases just discussed. = 


In a subregion such as R, in Example 4, where P(t) is decreasing and unbounded below, we 
must necessarily have P(t) > —oco. Do not interpret this last statement to mean P(t) > —oco as 
t — co; we could have P(t) > —co as t— T, where T > 0 is a finite number that depends on the 
initial condition P(t)) = Po. Thinking in dynamic terms, P(t) could “blow up” in finite time; 
thinking graphically, P(t) could have a vertical asymptote at tf = T > 0. A similar remark holds 
for the subregion R3. 

The differential equation dy/dx = sin y in Example 2 is autonomous and has an infinite number 
of critical points since sin y = 0 at y = nz, n an integer. Moreover, we now know that because 
the solution y(x) that passes through (0, —}) is bounded above and below by two consecutive 
critical points (—7 < y(x) < 0) and is decreasing (sin y < 0 for —7 < y < 0), the graph of y(x) 
must approach the graphs of the equilibrium solutions as horizontal asymptotes: y(x) > —7 as 
x — oo and y(x) > 0 as x > —co. 


| EXAMPLES | Solution Curves of an Autonomous DE 


The autonomous equation dy/dx = (y — 1)? possesses the single critical point 1. From the 
phase portrait in FIGURE 2.1.7(a), we conclude that a solution y(x) is an increasing function in 
the subregions defined by —oo < y < 1 and 1 < y < @, where —oo < x < oo. For an initial 
condition y(0) = yo < 1, a solution y(x) is increasing and bounded above by 1, and so y(x) > 1 
as x > co; for y(0) = yo > 1, a solution y(x) is increasing and unbounded. 

Now y(x) = | — I/(x + c) is a one-parameter family of solutions of the differential equa- 
tion. (See Problem 4 in Exercises 2.2.) A given initial condition determines a value for c. 
For the initial conditions, say, y(0) = —1 < 1 and y(0) = 2 > 1, we find, in turn, that 
y(x) = 1 -— Vat 5) and so y(x) = 1 — 1/(x — 1). As shown in Figure 2.1.7(b) and 2.1.7(c), 
the graph of each of these rational functions possesses a vertical asymptote. But bear in mind 
that the solutions of the [VPs 


ce ee (0) = —1 and OY 2 in ty (0) = 2 
dx “ d os 
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Yo Yo 


(a) (b) (c) (d) 


FIGURE 2.1.8 Critical point c is an 
attractor in (a), a repeller in (b), and 
semi-stable in (c) and (d) 
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FIGURE 2.1.9 Direction field for an 
autonomous DE 


are defined on special intervals. The two solutions are, respectively, 


1 1 1 
yx) = 1 - : <x<oo and ywo=1- 5 SOS =e 
B a 2 41 


NI- 


The solution curves are the portions of the graphs in Figures 2.1.7(b) and 2.1.7(c) shown 
in blue. As predicted by the phase portrait, for the solution curve in Figure 2.1.7(b), 
y(x) > 1 as x > oo; for the solution curve in Figure 2.1.7(c), y(x) > co as x > | from 
the left. 


A increasing 


+1 


increasing (0, -1) Ti 
x= -} - xsl 
(a) Phase line (b) xy-plane (c) xy-plane 
y(0)<1 yQ)>1 


FIGURE 2.1.7 Behavior of solutions near y = | in Example 5 = 


]| Attractors and Repellers Suppose y(x) is a nonconstant solution of the autonomous 
differential equation given in (1) and that c is a critical point of the DE. There are basically 
three types of behavior y(x) can exhibit near c. In FIGURE 2.1.8 we have placed c on four ver- 
tical phase lines. When both arrowheads on either side of the dot labeled c point toward c, as 
in Figure 2.1.8(a), all solutions y(x) of (1) that start from an initial point (x, yo) sufficiently 
near c exhibit the asymptotic behavior lim,_,,,y(x) = c. For this reason the critical point c is 
said to be asymptotically stable. Using a physical analogy, a solution that starts near c is like 
a charged particle that, over time, is drawn to a particle of opposite charge, and so c is also 
referred to as an attractor. When both arrowheads on either side of the dot labeled c point 
away from c, as in Figure 2.1.8(b), all solutions y(x) of (1) that start from an initial point 
(Xo, Yo) Move away from c as x increases. In this case the critical point c is said to be unstable. 
An unstable critical point is also called a repeller, for obvious reasons. The critical point c 
illustrated in Figures 2.1.8(c) and 2.1.8(d) is neither an attractor nor a repeller. But since c 
exhibits characteristics of both an attractor and a repeller—that is, a solution starting from 
an initial point (Xo, yo) sufficiently near c is attracted to c from one side and repelled from the 
other side—we say that the critical point c is semi-stable. In Example 3, the critical point a/b 
is asymptotically stable (an attractor) and the critical point O is unstable (a repeller). The 
critical point 1 in Example 5 is semi-stable. 


{| Autonomous DEs and Direction Fields Ifa first-order differential equation is 
autonomous, then we see from the right-hand side of its normal form dy/dx = f(y) that slopes 
of lineal elements through points in the rectangular grid used to construct a direction field 
for the DE depend solely on the y-coordinate of the points. Put another way, lineal elements 
passing through points on any horizontal line must all have the same slope and therefore are 
parallel; slopes of lineal elements along any vertical line will, of course, vary. These facts 
are apparent from inspection of the horizontal gray strip and vertical blue strip in FIGURE 2.1.9. 
The figure exhibits a direction field for the autonomous equation dy/dx = 2(y — 1). The 
red lineal elements in Figure 2.1.9 have zero slope because they lie along the graph of the 
equilibrium solution y = 1. 
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FIGURE 2.1.10 Translated solution curves 
of an autonomous DE 


I Translation Property Recall from precalculus mathematics that the graph of a function 
y = f(x — k), where k is a constant, is the graph of y = f(x) rigidly translated or shifted horizontally 
along the x-axis by an amount Ik|; the translation is to the right if k > 0 and to the left if k < 0. 

It turns out that under the assumptions stated after equation (1), solution curves of an au- 
tonomous first-order DE are related by the concept of translation. To see this, let’s consider 
the differential equation dy/dx = y(3 — y), which is a special case of the autonomous equation 
considered in Examples 3 and 4. Since y = 0 and y = 3 are equilibrium solutions of the DE, 
their graphs divide the xy-plane into subregions R,, Rj, and R3, defined by the three 
inequalities: 


Ry: -coo< y <0, Ry: 0<y <3, R333 <y< oo. 


In FIGURE 2.1.10 we have superimposed on a direction field of the DE six solutions curves. The 
figure illustrates that all solution curves of the same color, that is, solution curves lying within a 
particular subregion R,, all look alike. This is no coincidence but is a natural consequence of the 
fact that lineal elements passing through points on any horizontal line are parallel. That said, the 
following translation property of an autonomous DE should make sense: 


If y(x) is a solution of an autonomous differential equation dy/dx = f(y), 
then y,(x) = y(x — k), ka constant, is also a solution. 


Hence, if y(x) is a solution of the initial-value problem dy/dx = f(y), y(O) = yo, then 
y,(x) = y(x — Xp) is a solution of the IVP dy/dx = f(y), y(%) = yo. For example, it is easy to 
verify that y(x) = e*, —oo <x < ov, Is a solution of the IVP dy/dx = y, y(O) = 1 and soa solution 
y,(x) of, say, dy/dx = y, y(4) = 1 is y(x) = e* translated 4 units to the right: 


y®) = yx — 4) = 4, —00 <x <0. 


ea Exercises Answers to selected odd-numbered problems begin on page ANS-2. 


2.1.1 Direction Fields 9 BD = p-00ln? 
In Problems 1-4, reproduce the given computer-generated direc- dx _ ij 
tion field. Then sketch, by hand, an approximate solution curve (a) y Ce) a (b) yO) Z y 
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FIGURE 2.1.11 Direction field for Problem 1 
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FIGURE 2.1.13 Direction field for Problem 3 
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FIGURE 2.1.14 Direction field for Problem 4 


In Problems 5—12, use computer software to obtain a direction 
field for the given differential equation. By hand, sketch an 
approximate solution curve passing through each of the 

given points. 


5. y =x 6 y =xt+y 
(a) y(0) = 0 (a) y(—2) =2 
(b) y(0) = —3 (b) y(1) = -3 
7. g2 = -x 8. ies 
~ dx dx y 
(a) y= 1 (a) y(0)=1 
(b) y(0) = 4 (b) »(—2) = -1 


11. 


= 0.2x7 + y 10. - = xe? 
(a) y(0) => (a) y(0) = —2 
(b) y(2) = -1 (b) y(1) = 2.5 
yl = y — cose wm 2=1-2 
(a) y(2)=2 (a) y(-3) =2 
(b) y(-1) =0 (b) yG) =0 


In Problems 13 and 14, the given figures represent the graph of 
f() and f(x), respectively. By hand, sketch a direction field over 
an appropriate grid for dy/dx = f(y) (Problem 13) and then for 
dyldx = f(x) (Problem 14). 


13. 


14. 


15. 


FIGURE 2.1.15 Graph for Problem 13 


FIGURE 2.1.16 Graph for Problem 14 


In parts (a) and (b) sketch isoclines f(x, y) = c (see the Remarks 
on page 35) for the given differential equation using the in- 
dicated values of c. Construct a direction field over a grid by 
carefully drawing lineal elements with the appropriate slope 
at chosen points on each isocline. In each case, use this rough 
direction field to sketch an approximate solution curve for the 
IVP consisting of the DE and the initial condition y(0) = 1. 
(a) dy/dx=x+y; caninteger satisfying -5 Sc =5 


(b) dyldx =x? +y?5 c=1te=1,c=3,c=4 


Discussion Problems 


16. (a) Consider the direction field of the differential equation 


dyldx = x(y — 4) — 2, but do not use technology to obtain 
it. Describe the slopes of the lineal elements on the lines 
x=0,y=3,y=4,andy=5. 
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(b) Consider the IVP dy/dx = x(y — 4)? — 2, y(0) = yo, where 
Yo < 4. Can a solution y(x) > 00 as x > 00? Based on the 
information in part (a), discuss. 


. For a first-order DE dy/dx = f(x, y), a curve in the plane 


defined by f(x, y) = 0 is called a nullcline of the equation, 
since a lineal element at a point on the curve has zero slope. 
Use computer software to obtain a direction field over a 
rectangular grid of points for dy/dx = x? — 2y, and then 
superimpose the graph of the nullcline y = 4x over the 
direction field. Discuss the behavior of solution curves in 
regions of the plane defined by y < 4x” and by y > 5x”. 
Sketch some approximate solution curves. Try to generalize 
your observations. 


. (a) Identify the nullclines (see Problem 17) in Problems 1, 3, 


and 4. With a colored pencil, circle any lineal elements 
in FIGURES 2.1.11, 2.1.13, and 2.1.14 that you think may be 
a lineal element at a point on a nullcline. 

(b) What are the nullclines of an autonomous first-order DE? 


2.1.2 Autonomous First-Order DEs 


19. Consider the autonomous first-order differential equation 
dy/dx = y — y’ and the initial condition y(0) = yo. By hand, 
sketch the graph of a typical solution y(x) when yo has the 
given values. 

(a) yy > 1 (b) O<yy <1 
(ec) -—lL<y.<0 (d) y< -1 
20. Consider the autonomous first-order differential equation 


dyldx = y’ — y* and the initial condition y(0) = yo. By hand, 
sketch the graph of a typical solution y(x) when yo has the 
given values. 

(a) y> 1 

(ec) -lL<y<0 


(b) O<y,<1 
(d) y<—1 


In Problems 21—28, find the critical points and phase portrait 
of the given autonomous first-order differential equation. 
Classify each critical point as asymptotically stable, unstable, 
or semi-stable. By hand, sketch typical solution curves in the 
regions in the xy-plane determined by the graphs of the 
equilibrium solutions. 


dy dy 

1. —=y-3 2. —=y-y 
dx - - dx * 
dy dy 

23, —-=(y = 2) 24. — = 10 + 3y — y? 
dx 0 dx = 
dy dy 

25. —= y(4 = y?) 26. — = y(2 — y)(4 — y) 
dx dx 
d d ve 

7. = = yiny + 2) 28. a ae 2 
dx dx e 


29. 


30. 


FIGURE 2.1.17 Graph for Problem 29 


FIGURE 2.1.18 Graph for Problem 30 


Discussion Problems 


In Problems 29 and 30, consider the autonomous differential 
equation dy/dx = f(y), where the graph of fis given. Use the 
graph to locate the critical points of each differential equation. 
Sketch a phase portrait of each differential equation. By hand, 
sketch typical solution curves in the subregions in the xy-plane 
determined by the graphs of the equilibrium solutions. 
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31. 


32. 


34. 


35. 


36. 


Consider the autonomous DE dy/dx = (2/7)y — sin y. 
Determine the critical points of the equation. Discuss a way 
of obtaining a phase portrait of the equation. Classify the crit- 
ical points as asymptotically stable, unstable, or semi-stable. 
A critical point c of an autonomous first-order DE is said to 
be isolated if there exists some open interval that contains c 
but no other critical point. Discuss: Can there exist an au- 
tonomous DE of the form given in (1) for which every critical 
point is nonisolated? Do not think profound thoughts. 


. Suppose that y(x) is a nonconstant solution of the autonomous 


equation dy/dx = f(y) and that c is a critical point of the DE. 
Discuss: Why can’t the graph of y(x) cross the graph of the 
equilibrium solution y = c? Why can’t f(y) change signs in one 
of the subregions discussed on page 37? Why can’t y(x) be 
oscillatory or have arelative extremum (maximum or minimum)? 
Suppose that y(x) is a solution of the autonomous equation 
dy/dx = f(y) and is bounded above and below by two consecutive 
critical points c; < c), as in subregion R, of Figure 2.1.5(b). If 
S(y) > O in the region, then lim, ,,.y(x) = c). Discuss why there 
cannot exist a number L < c, such that lim,_,,.y(@x) = L. As part 
of your discussion, consider what happens to y'(x) as x > oo. 
Using the autonomous equation (1), discuss how it is possible 
to obtain information about the location of points of inflection 
of a solution curve. 

Consider the autonomous DE dy/dx = y* — y — 6. Use your 
ideas from Problem 35 to find intervals on the y-axis for which 
solution curves are concave up and intervals for which solution 
curves are concave down. Discuss why each solution curve of 
an initial-value problem of the form dy/dx = y* — y — 6, 
y(0) = yo, Where —2 < yo < 3, has a point of inflection with the 
same y-coordinate. What is that y-coordinate? Carefully sketch 
the solution curve for which y(0) = —1. Repeat for y(2) = 2. 


37. 


Suppose the autonomous DE in (1) has no critical points. 
Discuss the behavior of the solutions. 


Mathematical Models 


38. 


39. 


40. 


Population Model The differential equation in Example 3 
is a well-known population model. Suppose the DE is 
changed to 


dP 

— = P(aP — b), 

dt 
where a and b are positive constants. Discuss what happens 
to the population P as time ¢ increases. 


Population Model Another population model is given by 


IP 
OF ih 7, 
dt 


where h > 0 and k > 0 are constants. For what initial values 
P(O) = Pp does this model predict that the population will go 
extinct? 


Terminal Velocity The autonomous differential equation 


v 
m a mg — ky, 

where k is a positive constant of proportionality called the 
drag coefficient and g is the acceleration due to gravity, is 
a model for the instantaneous velocity v of a body of mass 
m that is falling under the influence of gravity. Because the 
term —kyv represents air resistance or drag, the velocity of 
a body falling from a great height does not increase without 
bound as time ¢ increases. Use a phase portrait of the 


41. 


42. 


differential equation to find the limiting, or terminal, veloc- 
ity of the body. Explain your reasoning. See page 24. 


Terminal Velocity In Problem 17 of Exercises 1.3, we indi- 
cated that for high-speed motion of a body, air resistance 
is taken to be proportional to a power of its instantaneous 
velocity v. If we take air resistance to be proportional to v, 
then the mathematical model for the instantaneous velocity 
of a falling body of mass m in Problem 40 becomes 


Vv 
m— = mg — ky’, 
dt ° 


where k > 0. Use a phase portrait to find the terminal velocity 
of the body. Explain your reasoning. See page 27. 


Chemical Reactions When certain kinds of chemicals are 
combined, the rate at which a new compound is formed is 
governed by the differential equation 


nee k xX xX 

dt (a (B ), 

where k > 0 is a constant of proportionality and B > a > 0. 

Here X(t) denotes the number of grams of the new compound 

formed in time ft. See page 22. 

(a) Usea phase portrait of the differential equation to predict 
the behavior of X as t—> oo. 

(b) Consider the case when a = B. Use a phase portrait of 
the differential equation to predict the behavior of X as 
t— oo when X(0) < a. When X(0) > a. 

(c) Verify that an explicit solution of the DE in the case when 
k= l1anda = Bis X() =a — I/(t + c). Find a solution 
satisfying X(0) = a/2. Find a solution satisfying X(0) = 2a. 
Graph these two solutions. Does the behavior of the solu- 
tions as t—> oo agree with your answers to part (b)? 


2.2| Separable Equations 


INTRODUCTION Consider the first-order equations dy/dx = f(x, y). When f does not depend 
on the variable y, that is, f(x, y) = g(x), the differential equation 


d 


yo 
ra g(x) (1) 


can be solved by integration. If g(x) is a continuous function, then integrating both sides of (1) 
gives the solution y = f g(x) dx = G(x) + c, where G(x) is an antiderivative (indefinite integral) 
of g(x). For example, if dy/dx = 1 + e*, theny = f (1 + e)dxory =x + te* +. 


il A Definition Equation (1), as well as its method of solution, is just a special case when 
fin dy/dx = f(x, y) is a product of a function of x and a function of y. 


Definition 2.2.1 Separable Equation 


A first-order differential equation of the form 


Day 
7 (y) 


is said to be separable or to have separable variables. 
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44, 


In solving first-order DEs, > 
use only one constant. 


For example, the differential equations 


dy 
dx 


d 
= x’yte*" 9 and = y + cosx 
dx 


are separable and nonseparable, respectively. To see this, note that in the first equation we can 


factor f(x,y) = x’y*e*~* as 


g(x) hy) 


S(x,y) = ever = (x2e"\(yte) 


but in the second there is no way writing y + cos x as a product of a function of x times a func- 
tion of y. 
Observe that by dividing by the function h(y), a separable equation can be written as 


d 
PO) > = 800), (2 
X 


where, for convenience, we have denoted 1/h(y) by p(y). From this last form we can see im- 
mediately that (2) reduces to (1) when h(y) = 1. 

Now if y = (x) represents a solution of (2), we must have p((x))d'(x) = g(x), and 
therefore, 


| P(P(X))b' x) dx = | g(x) dx. (3) 


But dy = ¢’(x) dx, and so (3) is the same as 


[ro dy = [eco dx or Hy) = G(x) + ¢, (4) 


where H(y) and G(x) are antiderivatives of p(y) = I/h(y) and g(x), respectively. 


[| Method of Solution Equation (4) indicates the procedure for solving separable equa- 
tions. A one-parameter family of solutions, usually given implicitly, is obtained by integrating 
both sides of the differential form p(y) dy = g(x) dx. 

There is no need to use two constants in the integration of a separable equation, because if we 
write H(y) + c,; = G(x) + cy», then the difference c, — c, can be replaced by a single constant c, 
as in (4). In many instances throughout the chapters that follow, we will relabel constants in a 
manner convenient to a given equation. For example, multiples of constants or combinations of 
constants can sometimes be replaced by a single constant. 


| EXAMPLE1 | Solving a Separable DE 


Solve (1 +x) dy—ydx=0. 
SOLUTION Dividing by (1 + x)y, we can write dy/y = dx/(1 + x), from which it follows that 


ly lie 
y 1+x 


Inlyl = Inll + xl + c, 


[al age et ee gla gh < laws of exponents 
= + cy lic x=-1 
meee “lh+x1=-G+», x<-l 
and so y= +e%(1 + x). 


Relabeling +e" by c then gives y = c(1 + x). 
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FIGURE 2.2.1 Solution curve for IVP in 
Example 2 


In the solution of Example 1, because each integral results in a logarithm, a judicious choice 
for the constant of integration is In |c| rather than c. Rewriting the second line of the solution as 
Inly! = In|1 +x! + InIcl enables us to combine the terms on the right-hand side by the proper- 
ties of logarithms. From In ly! = In |c(1 + x)I, we immediately get y = c(1 + x). Even if the 
indefinite integrals are not al/ logarithms, it may still be advantageous to use In |c|l. However, no 
firm rule can be given. 

In Section 1.1 we have already seen that a solution curve may be only a segment or an arc of 
the graph of an implicit solution G(x, y) = 0. 


| EXAMPLE2 | Solution Curve 


d 
Solve the initial-value problem . = = y(4) = -3. 
Ix 
SOLUTION By rewriting the equation as y dy = —x dx we get 


2 2 


[ra [ra d a as 
=_lc ‘« ani =_lc Z 
y dy xX dx ) 5) Cy 


We can write the result of the integration as x” + y? = c’ by replacing the constant 2c, by c’. 
This solution of the differential equation represents a one-parameter family of concentric 
circles centered at the origin. 

Now when x = 4, y = —3, so that 16 + 9 = 25 = c*. Thus the initial-value problem de- 
termines the circle x° + y* = 25 with radius 5. Because of its simplicity, we can solve this 
implicit solution for an explicit solution that satisfies the initial condition. We have seen this 
solution as y = @,(x) or y = 95 = x’, —5 <x <5 in Example 8 of Section 1.1. A 
solution curve is the graph of a differentiable function. In this case the solution curve is the 


lower semicircle, shown in blue in FIGURE 2.2.1, that contains the point (4, —3). = 


il Losing a Solution Some care should be exercised when separating variables, since the 
variable divisors could be zero at a point. Specifically, if ris a zero of the function h(y), then 
substituting y = r into dy/dx = g(x) h(y) makes both sides zero; in other words, y = ris a constant 
solution of the differential equation. But after separating variables, observe that the left side 
of dy/h(y) = g(x) dx is undefined at 7 As a consequence, y = r may not show up in the family 
of solutions obtained after integration and simplification. Recall, such a solution is called a 
singular solution. 


| EXAMPLE3 | Losing a Solution 


d 
Solve = y — 4. 
dx 


SOLUTION We put the equation in the form 


1 


4 


dy a: 
yo? yore 


ya 


=dx or Ja = dx. (5) 
The second equation in (5) is the result of using partial fractions on the left side of the first 
equation. Integrating and using the laws of logarithms gives 


=D 


y-2 y 
=4x+c or =e 


y+2 


1 1 
i a a a a or In veo 


Here we have replaced 4c, by c3. Finally, after replacing e® by c and solving the last equation 
for y, we get the one-parameter family of solutions 


1+ ce* 
2 ce 


1 — ce* 


y= (6) 


Now if we factor the right side of the differential equation as dy/dx = (y — 2)(y + 2), we know 
from the discussion in Section 2.1 that y = 2 and y = —2 are two constant (equilibrium) 
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y 


———— SSE J 


FIGURE 2.2.2 Level curves G(x, y) = c, 


where G(x,y) =e + ye > +e” + 2cosx 


FIGURE 2.2.3 Level curves c = 2 and 
c=4 


solutions. The solution y = 2 is amember of the family of solutions defined by (6) correspond- 
ing to the value c = 0. However, y = —2 is a singular solution; it cannot be obtained from (6) 
for any choice of the parameter c. This latter solution was lost early on in the solution process. 


Inspection of (5) clearly indicates that we must preclude y = £2 in these steps. = 


| EXAMPLE4 | An Initial-Value Problem 


Solve the initial-value problem 
dy ae 
cos x(e” — y) — = e’ sin2x, y(0) = 0. 
dx 


SOLUTION Dividing the equation by e” cos x gives 


evy—y sin 2x 
e : cos x 

Before integrating, we use termwise division on the left side and the trigonometric identity 

sin 2x = 2 sin x cos x on the right side. Then 


integration by parts > j (e* — ye *)dy =2 | sinxdx 
yields e+ ye? +e = —2cosx + c. (7) 


The initial condition y = 0 when x = 0 implies c = 4. Thus a solution of the initial-value 
problem is 


e + ye’ +e =4 — 2cosx. (8) = 


Hi Use of Computers In the Remarks at the end of Section 1.1 we mentioned that it may 
be difficult to use an implicit solution G(x, y) = 0 to find an explicit solution y = (x). 
Equation (8) shows that the task of solving for y in terms of x may present more problems than 
just the drudgery of symbol pushing—it simply can’t be done! Implicit solutions such as (8) are 
somewhat frustrating; neither the graph of the equation nor an interval over which a solution 
satisfying y(0) = 0 is defined is apparent. The problem of “seeing” what an implicit solution 
looks like can be overcome in some cases by means of technology. One way* of proceeding is 
to use the contour plot application of a CAS. Recall from multivariate calculus that for a function 
of two variables z = G(x, y) the two-dimensional curves defined by G(x, y) = c, where c is con- 
stant, are called the level curves of the function. With the aid of a CAS we have illustrated in 
FIGURE 2.2.2 some of the level curves of the function G(x, y) = e’ + ye” + e* + 2 cos x. The 
family of solutions defined by (7) are the level curves G(x, y) = c. FIGURE 2.2.3 illustrates, in blue, 
the level curve G(x, y) = 4, which is the particular solution (8). The red curve in Figure 2.2.3 is the 
level curve G(x, y) = 2, which is the member of the family G(x, y) = c that satisfies y(ar/2) = 0. 

If an initial condition leads to a particular solution by finding a specific value of the 
parameter c in a family of solutions for a first-order differential equation, it is a natural 
inclination for most students (and instructors) to relax and be content. However, a solution 
of an initial-value problem may not be unique. We saw in Example 4 of Section 1.2 that the 
initial-value problem 


d 
= xy", (0) = 0, (9) 
dx 


has at least two solutions, y = 0 and y = 7.x". We are now ina position to solve the equation. 


*In Section 2.6 we discuss several other ways of proceeding that are based on the concept of a numerical 
solver. 
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Separating variables and integrating y dy = x dx gives Qyr = 4x? + c,. Solving for y and 
replacing 5c, by the symbol c yields 


y = Ge? + co). (10) 


Each of the functions in the family given in (10) is a solution of equation (9) on the interval 
(—00, co) provided we take c = 0. See Problem 48 in Exercises 2.2. Now when we substitute x = 0, 
y = 0 in (10) we see that c = 0. Therefore y = ;gx* is a solution of the IVP. The trivial solution 
y = 0 was lost by dividing by ye. The initial-value problem (9) actually possesses many more 
solutions, since for any choice of the parameter a = 0 the piecewise-defined function 


(0,0) : {° Zig 
a ee a), *2a 
FIGURE 2.2.4 Piecewise-defined 
solutions of (9) satisfies both the differential equation and the initial condition. See FIGURE 2.2.4. 


See pages 10 and 11 and Problems py [| An Integral-Defined Function In (ii) of the Remarks at the end of Section 1.1 it was 

sorus it Exesoascs 1.1; pointed out that a solution method for a certain kind of differential equation may lead to an 
integral-defined function. This is especially true for separable differential equations because inte- 
gration is the method of solution. For example, if g is continuous on some interval J containing 
Xp and x, then a solution of the simple initial-value problem dy/dx = g(x), y(xo) = yo defined on 
Tis given by 


y(X) = Yo + | g(t) dt. 


To see this, we have immediately from (12) of Section 1.1 that dy/dx = g(x) and y(xp) = yo 
because ie “og(t) dt = 0. When f g(t) dt is nonelementary, that is, cannot be expressed in terms of 
elementary functions, the form y(x) = yo + ii 8) dt may be the best we can do in obtaining 
an explicit solution of an IVP. The next example illustrates this idea. 


| EXAMPLES | An Initial-Value Problem 


dy ar 
Solve —=e~, y(2)=6. 
dx 


SOLUTION The function g(x) = e~* is continuous on the interval (—oo, 00) but its antide- 
rivative is not an elementary function. Using tas adummy variable of integration, we integrate 
both sides of the given differential equation: 


*d x 7 
| ea = | e ‘dt 
2 dt 2 


yO) = | ent dt 


x 


y(x) — y(2) = | edt 


2 
y(x) = y(2) + | et dt. 
2 


Using the initial condition y(2) = 6 we obtain the solution 


x 


y(x) = 6 + | edt. 


2 


The procedure illustrated in Example 5 works equally well on separable equations dy/dx = 
g(x) f(y) where, say, f(y) possesses an elementary antiderivative but g(x) does not possess an 
elementary antiderivative. See Problems 29 and 30 in Exercises 2.2. 
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REMARKS 


In some of the preceding examples we saw that the constant in the one-parameter family of 
solutions for a first-order differential equation can be relabeled when convenient. Also, it can 
easily happen that two individuals solving the same equation correctly arrive at dissimilar 
expressions for their answers. For example, by separation of variables, we can show that 
one-parameter families of solutions for the DE (1 + y”) dx + (1 + x’) dy = Oare 


arctanx + arctany =c or 


38 ar 9 ra 


=c 
xy 


As you work your way through the next several sections, keep in mind that families of solutions 
may be equivalent in the sense that one family may be obtained from another by either relabeling 
the constant or applying algebra and trigonometry. See Problems 27 and 28 in Exercises 2.2. 


22a Exercises Answers to selected odd-numbered problems begin on page ANS-2. 


In Problems 1-22, solve the given differential equation by 
separation of variables. 


d 
1. = sin 5x 2. 


y 
Fs aoe 
3. dx + e*dy = 0 4. dy—(y — 1)*dx = 0 
dy dy 2 
i ema OT =o 
7. . = ety 8 eye =e%+e*Y 
cymetn (LHP g #2 (243) 
dy x dx 4x +5 
11. cscydx + sec*xdy = 0 
12. sin3xdx + 2ycos*3xdy = 0 
13. (e? + 1)’e “dx + (e* + 1)'e “dy = 0 
14. x(1 + y?)'?dx = yl + x?)'"dy 
15. ee kS 16. ae = k(Q — 70) 
dr dt 
ee ee + N= Nte*? 
dt dt 
dy xy + 3x y= 3 
a dx xy—-2xt+4y—-8 
dy xy 2ye x2 
a dx xy-3ytx—-3 
21. oes 1 -—y 22. @tentay 


In Problems 23-28, find an implicit and an explicit solution of 
the given initial-value problem. 


dx . 
23. —=4(x° + 1), x(7/4)=1 
dt 
dy y-1 
24. = 2)=2 
a ea OO 
d 
25. fo Spe yw-lh=-1 
dx 
dy 
26. —+2y=1, y(0)=3 
eo yO) = 3 
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27. V1 — y2dx — V1 — x2dy = 0, y(0) = V3/2 
28. (1+ x*) dy +x(1 + 4y’)dx=0, y(1)=0 


In Problems 29 and 30, proceed as in Example 5 and find an 
explicit solution of the given initial-value problem. 


dy 3 
29. —=ye*, y4=1 
dx 
d 
90. — = y?sinx?, y(—2) =4 
dx 


In Problems 31-34, find an explicit solution of the given initial- 
value problem. Determine the exact interval / of definition of 
each solution by analytical methods. Use a graphing utility to 
plot the graph of each solution. 

dy 2%x+1 
dx 2y 


31. . yW—-2) = -1 


dy 45 = 
@. Qy— 25 = 32+ 4x +2, yl) = -2 
be 


33. e'dx — e “dy =0, yO) =0 

34. sinxdx + ydy =0, yO) = 1 

35. (a) Finda solution of the initial-value problem consisting of 
the differential equation in Example 3 and the initial con- 
ditions y(0) = 2, y(0) = —2, y(q) = 1. 

(b) Find the solution of the differential equation in Example 3 
when In c, is used as the constant of integration on the 
left-hand side in the solution and 4 In c, is replaced by 
Inc. Then solve the same initial-value problems in part (a). 


36. Find a solution of x ws = y* — y that passes through the 
indicated points. 
(a) (0,1) (b) 0,0) © G2) @ 2%) 

37. Find a singular solution of Problem 21. Of Problem 22. 

38. Show that an implicit solution of 


2x sin’ y dx — (x” + 10) cos y dy = 0 


is given by In(x? + 10) csc y = c. Find the constant solutions, 
if any, that were lost in the solution of the differential equation. 


Often a radical change in the form of the solution of a differen- 


tial equation corresponds to a very small change in either the 
initial condition or the equation itself. In Problems 39—42, find 
an explicit solution of the given initial-value problem. Use a 


graphing utility to plot the graph of each solution. Compare each 
solution curve in a neighborhood of (0, 1). 


39. 


40. 


41. 


42. 


44. 


45. 


46. 


dy 
dx 
dy 


=(y-1yY, yO =1 


= y= Tf, 90) = 101 


—=(y — 1) + 0.01, 


dy 
dx 


yO) = 1 


=(y- 1 - 0.01, y0O)=1 


. Every autonomous first-order equation dy/dx = f(y) is 


separable. Find explicit solutions y,(x), y.(x), y3(x), and y4(x) 
of the differential equation dy/dx = y — y* that satisfy, in turn, 
the initial conditions y,(0) = 2, y,(0) = 4, y,(0) = —4, and 
y,(0) = —2. Use a graphing utility to plot the graphs of each 
solution. Compare these graphs with those predicted in 
Problem 19 of Exercises 2.1. Give the exact interval of defini- 
tion for each solution. 
(a) The autonomous first-order differential equation dy/dx = 
1/(y — 3) has no critical points. Nevertheless, place 3 on 
a phase line and obtain a phase portrait of the equation. 
Compute d*y/dx* to determine where solution curves are 
concave up and where they are concave down (see 
Problems 35 and 36 in Exercises 2.1). Use the phase por- 
trait and concavity to sketch, by hand, some typical solu- 
tion curves. 
(b) Find explicit solutions y,(x), y(x), y3(x), and y,(x) of the 
differential equation in part (a) that satisfy, in turn, the 
initial conditions y,(0) = 4, y,(0) = 2, y3(1) = 2, and 
y4(— 1) = 4. Graph each solution and compare with your 
sketches in part (a). Give the exact interval of definition 
for each solution. 
Find an explicit solution of the initial-value problem 


dy x+1 
dx Qy ” 


(a 


~a 


yW(—2) = -1. 


(b) Use a graphing utility to plot the graph of the solution in 
part (a). Use the graph to estimate the interval / of defini- 
tion of the solution. 

(c) Determine the exact interval / of definition by analytical 
methods. 

Repeat parts (a)-(c) of Problem 45 for the IVP consisting 

of the differential equation in Problem 7 and the condition 

y(0) = 0. 


Discussion Problems 


47. 


(a) Explain why the interval of definition of the explicit solu- 
tion y = ¢,(x) of the initial-value problem in Example 2 
is the open interval (—5, 5). 

(b) Can any solution of the differential equation cross the 
x-axis? Do you think that x* + y? = 1 is animplicit solution 
of the initial-value problem dy/dx = —x/y, y(1) = 0? 


48. 


49. 


50. 


51. 


52. 


On page 47 we showed that a one-parameter family of solu- 
tions of the first-order differential equation dy/dx = xy? is 
y = Gx* + c) for c = 0. Each solution in this family is 
defined on the interval (—oo, co). The last statement is not 
true if we choose c to be negative. For c = —1, explain why 
y = x* — 1) is nota solution of the DE on (—oo, 00). Find 
an interval of definition Jon which y = (x4 — 1) isasolution 
of the DE. 


In Problems 43 and 44 we saw that every autonomous first- 
order differential equation dy/dx = f(y) is separable. Does 
this fact help in the solution of the initial-value problem 
dy 


ce = V1 + y’sin’y, y(0) = +? Discuss. Sketch, by hand, 
x 


a plausible solution curve of the problem. 


Without the use of technology, how would you solve 
d 
(Vx + x) = = Vy + y? 
x 


Carry out your ideas. 


Find a function whose square plus the square of its derivative 

is 1. 

(a) The differential equation in Problem 27 is equivalent to 
the normal form 


dy _ 
dx 1- x’ 


in the square region in the xy-plane defined by |x| < 1, 
ly| < 1. But the quantity under the radical is nonnegative 
also in the regions defined by |x| > 1, lyl > 1. Sketch all 
regions in the xy-plane for which this differential equation 
possesses real solutions. 

Solve the DE in part (a) in the regions defined by |x| > 1, 
ly! > 1. Then find an implicit and an explicit solution of 
the differential equation subject to y(2) = 2. 


(b 


w~a 


Mathematical Model 


53. 


Suspension Bridge In (16) of Section 1.3 we saw that a 
mathematical model for the shape of a flexible cable strung 
between two vertical supports is 

dy = a (11) 

dx T, 
where W denotes the portion of the total vertical load between 
the points P, and P, shown in Figure 1.3.9. The DE (11) is 
separable under the following conditions that describe a sus- 
pension bridge. 

Let us assume that the x- and y-axes are as shown in 
FIGURE 2.2.5— that is, the x-axis runs along the horizontal 
roadbed, and the y-axis passes through (0, a), which is the 
lowest point on one cable over the span of the bridge, co- 
inciding with the interval [—L/2, L/2]. In the case of a sus- 
pension bridge, the usual assumption is that the vertical load 
in (11) is only a uniform roadbed distributed along the 
horizontal axis. In other words, it is assumed that the weight 
of all cables is negligible in comparison to the weight of the 
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roadbed and that the weight per unit length of the roadbed 
(say, pounds per horizontal foot) is a constant p. Use this 
information to set up and solve an appropriate initial-value 
problem from which the shape (a curve with equation 
y = ¢(x)) of each of the two cables in a suspension bridge 
is determined. Express your solution of the IVP in terms of 
the sag h and span L shown in Figure 2.2.5. 


roadbed (load) 


FIGURE 2.2.5 Shape of a cable in Problem 53 


Computer Lab Assignments 


54. (a) 


(b 


w~a 


55. (a) 


(b 


~ 


50 


Use a CAS and the concept of level curves to plot repre- 
sentative graphs of members of the family of solutions 
. . _ dy 8x + 5 
of the differential equation —— = —~,— 
dx 3y° + I 
with different numbers of level curves as well as various 
rectangular regions defined bya =x =b,cSy=d. 


. Experiment 


On separate coordinate axes plot the graphs of the par- 
ticular solutions corresponding to the initial conditions: 
y(0) = 1; yO) = 2; W(—1) = 45 (1) = 3. 

Find an implicit solution of the IVP 


(2y + 2)dy — (4x7 + 6x)dx = 0, 


y(0O) = —3. 


Use part (a) to find an explicit solution y = (x) of 
the IVP. 


(c) 


(d) 


56. (a) 


(b) 


(c) 


a5 


Consider your answer to part (b) as a function only. Use 
a graphing utility or a CAS to graph this function, and 
then use the graph to estimate its domain. 

With the aid of a root-finding application of a CAS, deter- 
mine the approximate largest interval / of definition of the 
solution y = (x) in part (b). Use a graphing utility or a 
CAS to graph the solution curve for the IVP on this interval. 
Use a CAS and the concept of level curves to plot repre- 
sentative graphs of members of the family of solutions of 


; _ dy x(1 — x) 
the differential equation — = 

dx y(-2+y) 
with different numbers of level curves as well as various 
rectangular regions in the xy-plane until your result 
resembles FIGURE 2.2.6. 
On separate coordinate axes, plot the graph of the implicit 


. Experiment 


solution corresponding to the initial condition y(0) = 3. 
Use a colored pencil to mark off that segment of the graph 
that corresponds to the solution curve of a solution ¢ that 
satisfies the initial condition. With the aid of a root- 
finding application of a CAS, determine the approximate 
largest interval / of definition of the solution @. [Hint: 
First find the points on the curve in part (a) where the 
tangent is vertical.] 

Repeat part (b) for the initial condition y(0) = —2. 


FIGURE 2.2.6 Level curves in Problem 56 


2.3 | Linear Equations 


INTRODUCTION Wecontinue our search for solutions of first-order DEs by next examining 
linear equations. Linear differential equations are an especially “friendly” family of differential 
equations in that, given a linear equation, whether first-order or a higher-order kin, there is always 
a good possibility that we can find some sort of solution of the equation that we can look at. 


Hi A Definition The form of a linear first-order DE was given in (7) of Section 1.1. This 
form, the case when n = | in (6) of that section, is reproduced here for convenience. 


Definition 2.3.1 


Linear Equation 


A first-order differential equation of the form 


d 
a(x) + ag(x)y = g(x) (1) 


is said to be a linear equation in the dependent variable y. 
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When g(x) = 0, the linear equation (1) is said to be homogeneous; otherwise, it is 
nonhomogeneous. 


Il Standard Form By dividing both sides of (1) by the lead coefficient a,(x) we obtain a 
more useful form, the standard form, of a linear equation 


d 
S + Poy = fla. (2) 
dx 


We seek a solution of (2) on an interval J for which both functions P and fare continuous. 

In the discussion that follows, we illustrate a property and a procedure and end up with a 
formula representing the form that every solution of (2) must have. But more than the formula, 
the property and the procedure are important, because these two concepts carry over to linear 
equations of higher order. 


I| The Property The differential equation (2) has the property that its solution is the sum 
of the two solutions, y = y, + y,, where y, is a solution of the associated homogeneous equation 


dy + P(x)\y = 0 (3) 
dx 


and y, is a particular solution of the nonhomogeneous equation (2). To see this, observe 


Mes p |+[Se+e |- 
dx (x)y- dx (X)yp = f(x). 


—_,—_/ —_,—__~ 
0 f(x) 


d 
oF [Ly + yp] + Ply. + yp] = 


| The Homogeneous DE The homogeneous equation (3) is also separable. This fact 
enables us to find y, by writing (3) as 


dy 
oF + P(x) dx = 0 


and integrating. Solving for y gives y, = cet? For convenience let us write Yo = cy;(x), where 
y= e!? 4 The fact that dy,/dx + P(x)y, = 0 will be used next to determine y,,. 


| The Nonhomogeneous DE We can now find a particular solution of equation (2) by a 
procedure known as variation of parameters. The basic idea here is to find a function u so that 
y, = u(x)y,(x) = ux) e?0)4* is a solution of (2). In other words, our assumption for y, is the same as 
Ye = Cy\(x) except that c is replaced by the “variable parameter” wu. Substituting y,, = uy, into (2) gives 


Product Rule Zero 
1 1 
d d d d 
uw + y, “+ PQouy, = fla) or a + Peo, + y= f(x) 

dx dx dx dx 

du 
so that yi = f). 

dx 


Separating variables and integrating then gives 


f(x) 
yi(x) 


Sf) 


ee y,@) 


dx and u= | dx. 


From the definition of y,(x), we see 1/y,(x) = e/? . Therefore 


y, = uy, = ( ax )ertm = ero ei HF (x) dx, 
1 


and y=y¥+ y= ce JPM de 4 ea eMac dx. (4) 


Hence if (2) has a solution, it must be of form (4). Conversely, it is a straightforward exercise in 
differentiation to verify that (4) constitutes a one-parameter family of solutions of equation (2). 
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You should not memorize the formula given in (4). There is an equivalent but easier way of 
solving (2). If (4) is multiplied by 


elP®) dx (5) 
and then elPadty = @ + femaye dx (6) 
d : : 
is differentiated, si [elPe dry] = efPe) dre yy, (7) 
JP(x) dx dy JP(x) dx SP(x) dx. 
we get en ae + P(xje Hy = el PO) ME), (8) 
Dividing the last result by e/?“ gives (2). 


Hi Method of Solution The recommended method of solving (2) actually consists of 
(6)-(8) worked in reverse order. In other words, if (2) is multiplied by (5), we get (8). The left 
side of (8) is recognized as the derivative of the product of e/?”)“ and y, This gets us to (7). We 
then integrate both sides of (7) to get the solution (6). Because we can solve (2) by integration 
after multiplication by e/”“)“", we call this function an integrating factor for the differential 
equation. For convenience we summarize these results. We again emphasize that you should not 
memorize formula (4) but work through the following two-step procedure each time. 


Guidelines for Solving a Linear First-Order Equation 


(i) Put a linear equation of form (1) into standard form (2) and then determine P(x) and the 
integrating factor e/?) ”, 

(ii) Multiply (2) by the integrating factor. The left side of the resulting equation is auto- 
matically the derivative of the integrating factor and y. Write 


< [ efP®) | =e SP(x) ag x) 
xX 


and then integrate both sides of this equation. 


| EXAMPLE1 | Solving a Linear DE 


dy 
Solve — — 3y = 6. 
dx 


SOLUTION This linear equation can be solved by separation of variables. Alternatively, since 
the equation is already in the standard form (2), we see that the integrating factor is 
ef) 4« = ¢* We multiply the equation by this factor and recognize that 


d : d ; 
pee 3e°*y = 6e * isthe sameas —[e *y] = 6e*. 
dx . dx 
Integrating both sides of the last equation gives e**y = —2e** + c. Thus a solution of the 
differential equation is y = —2 + ce**, —oo < x < oo. = 


When aj, do, and g in (1) are constants, the differential equation is autonomous. In Example 1, 
you can verify from the normal form dy/dx = 3(y + 2) that —2 is a critical point and that it is 
unstable and a repeller. Thus a solution curve with an initial point either above or below the graph 
of the equilibrium solution y = —2 pushes away from this horizontal line as x increases. 


I Constant of Integration Notice in the general discussion and in Example | we disre- 
garded a constant of integration in the evaluation of the indefinite integral in the exponent of 
e/?4* Tf you think about the laws of exponents and the fact that the integrating factor multiplies 
both sides of the differential equation, you should be able to answer why writing [P(x) dx + cis 
unnecessary. See Problem 51 in Exercises 2.3. 
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il General Solution Suppose again that the functions P and f in (2) are continuous on a 
common interval J. In the steps leading to (4) we showed that if (2) has a solution on J, then it must 
be of the form given in (4). Conversely, it is a straightforward exercise in differentiation to verify 
that any function of the form given in (4) is a solution of the differential equation (2) on /. In other 
words, (4) is a one-parameter family of solutions of equation (2), and every solution of (2) defined 
on / is amember of this family. Consequently, we are justified in calling (4) the general solution 
of the differential equation on the interval /. Now by writing (2) in the normal form y’ = F(x, y) 
we can identify F(x, y) = —P(@)y + f(@) and oF /oy = — P(x). From the continuity of P and fon the 
interval J, we see that F and 0F/dy are also continuous on J. With Theorem 1.2.1 as our justification, 
we conclude that there exists one and only one solution of the first-order initial-value problem 


d 
os + Poy =f), yO) = Yo (9) 
Xx 


defined on some interval J) containing x. But when Xp is in J, finding a solution of (9) is just a 
matter of finding an appropriate value of c in (4); that is, for each xp in J there corresponds a 
distinct c. In other words, the interval Jj) of existence and uniqueness in Theorem 1.2.1 for the 
initial-value problem (9) is the entire interval /. 


| EXAMPLE2 | General Solution 


d 
Solve x ac a 4y = x®e*, 
dx 


SOLUTION By dividing by x we get the standard form 
Bo eee (10) 
From this form we identify P(x) = —4/x and f(x) = x°e* and observe that P and f are con- 
tinuous on the interval (0, oo). Hence the integrating factor is 
we can use In x instead of In |x| since x > 0 


1 


= 4 = " mas = 
e 4fdxlx e 4Inx eine 4 


Here we have used the basic identity b'°8*Y = N, N > 0. Now we multiply (10) by x“, 


_ 4 
x 4*— — 4x y = xe*, and obtain Fi [x+y] = xe. 

x 
It follows from integration by parts that the general solution defined on (0, 00) is x“y = 
xe" — e + cory = x°e* — x‘e* + cx’. = 


Hi Sing ular Points Except in the case when the lead coefficient is 1, the recasting of equa- 
tion (1) into the standard form (2) requires division by a,(x). Values of x for which a,(x) = 0 are 
called singular points of the equation. Singular points are potentially troublesome. Specifically 
in (2), if P(x) (formed by dividing a(x) by a,(x)) is discontinuous at a point, the discontinuity 
may carry over to functions in the general solution of the differential equation. 


| EXAMPLE3 | General Solution 


dy 
Find the general solution of (x* — 9) dk + xy = 0. 
Ix 


SOLUTION We write the differential equation in standard form 
dy x 
+ = 
dx x?-9 f 


0 (11) 


and identify P(x) = xl? — 9). Although P is continuous on (—oo, —3), on (—3, 3), and on 
(3, oo), we shall solve the equation on the first and third intervals. On these intervals the 
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FIGURE 2.3.1 Some solutions of the DE 
in Example 4 


54 


integrating factor is 
Sx dxl(x? J z 2x dxl(x?—9) L Bin 
(a er = eiinixy-9l — V2 9. 


After multiplying the standard form (11) by this factor, we get 
d 
a [Vx? — 9y] =0 and integrating gives Vx? — 9y =c. 
Ix 


Thus on either (—co, —3) or (3, co), the general solution of the equation is y = c/ vr-9= 


Notice in the preceding example that x = 3 and x = —3 are singular points of the equation 
and that every function in the general solution y = c/\VVx* — 9 is discontinuous at these points. 
On the other hand, x = 0 is a singular point of the differential equation in Example 2, but the 
general solution y = x°e* — x*e* + cx* is noteworthy in that every function in this one-parameter 
family is continuous at x = 0 and is defined on the interval (—co, oo) and not just on (0, oo) as 
stated in the solution. However, the family y = x°e* — x*e* + cx* defined on (—o0, 00) cannot 
be considered the general solution of the DE, since the singular point x = 0 still causes a problem. 
See Problems 46 and 47 in Exercises 2.3. We will study singular points for linear differential 


equations in greater depth in Section 5.2. 


| EXAMPLE 4 | An Initial-Value Problem 


d 
Solve the initial-value problem ns +y =x, y(0) = 4. 
be 


SOLUTION The equation is in standard form, and P(x) = 1 and f(x) = x are continuous on 
the interval (—oo, oo). The integrating factor is e/4* = ¢* and so integrating 


d.. 
a ley] = xe! 


gives e‘y = xe’ — e* + c. Solving this last equation for y yields the general solution 
y =x — 1 +ce™. But from the initial condition we know that y = 4 when x = 0. Substituting 
these values in the general solution implies c = 5. Hence the solution of the problem on the 
interval (—oco, oo) is 


y=x-1+5e™. (12) = 


Recall that the general solution of every linear first-order differential equation is a sum of two 
special solutions: y., the general solution of the associated homogeneous equation (3), and y,, a 
particular solution of the nonhomogeneous equation (2). In Example 4 we identify y. = ce“ and 
yp =x — 1, FIGURE2.3.1, obtained with the aid of a graphing utility, shows (12) in blue along with 
other representative solutions in the family y = x — 1 + ce™. It is interesting to observe that as 
x gets large, the graphs of al/ members of the family are close to the graph of y, = x — 1, which 
is shown in green in Figure 2.3.1. This is because the contribution of y. = ce~ to the values of a 
solution becomes negligible for increasing values of x. We say that y, = ce“ is a transient 
term since y,— 0 as x > oo. While this behavior is not a characteristic of all general solu- 
tions of linear equations (see Example 2), the notion of a transient is often important in 
applied problems. 


I| Piecewise-Linear Differential Equation Inthe construction of mathematical mod- 
els (especially in the biological sciences and engineering) it can happen that one or more coef- 
ficients in a differential equation is a piecewise-defined function. In particular, when either P(x) 
or f(x) in (2) is a piecewise-defined function the equation is then referred to as a piecewise-linear 
differential equation. In the next example, f(x) is piecewise continuous on the interval [0, 00) 
with a single jump discontinuity at x = 1. The basic idea is to solve the initial-value problem in 
two parts corresponding to the two intervals over which f(x) is defined; each part consists of a 
linear equation solvable by the method of this section. As we will see, it is then possible to piece 
the two solutions together at x = | so that y(x) is continuous on [0, co). See Problems 33-38 
in Exercises 2.3. 
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FIGURE 2.3.2 Discontinuous f(x) 
in Example 5 


1 x 


FIGURE 2.3.3 Graph of function in (13) 
of Example 5 


| EXAMPLES | An Initial-Value Problem 


1 O=S=x<=1 


0, x>1. 


Solve .. + y = f(x), (0) = 0 where f(x) = { 


SOLUTION The graph of the discontinuous function fis shown in FIGURE 2.3.2. We solve the 
DE for y(x) first on the interval [0, 1] and then on the interval (1, co). For 0 = x = 1 we have 


d d 
are y =1 or, equivalently, —[e*y] = e*. 
dx dx 
Integrating this last equation and solving for y gives y = 1 + cje™. Since y(0) = 0, we must 
have c; = —1, and therefore y = 1 — e“,0 =x = 1. Then for x > 1, the equation 
dy 
—+y=0 
dx 4 


leads to y = ce“. Hence we can write 


1l-e*, OsSx=1 
y= 


—* 


ce", x > 1; 


By appealing to the definition of continuity at a point it is possible to determine c, so that the 
foregoing function is continuous at x = 1. The requirement that lim,_,,;+ y(x) = y(1) implies 
that ce"! = 1 — e'! orc, = e — 1. As seen in FIGURE 2.3.3, the piecewise defined function 


|] =e", Os=x=1 
y= 


(e-le*, x>1 Met 


is continuous on the interval [0, oo). = 


It is worthwhile to think about (13) and Figure 2.3.3 a little bit; you are urged to read and 
answer Problem 49 in Exercises 2.3. 


Hi Error Function In mathematics, science, and engineering, some important functions are 
defined in terms of nonelementary integrals. Two such special functions are the error function 
and complementary error function: 


erf(x) = = | "e-Pdt and erfc(x) = =. | "e-*de (14) 
V7 Jo V7 Je ; 


From the known result [edt = V2/2, we can write (2/7) foe dt = 1. Using the additive 
interval property of definite integrals fy’ = J} + J°° we can rewrite the last result in the alterna- 
tive form 


erf(x) erfc(x) 
: [era : [ edt + : I de = (15) 
— |e =— =| e pail @ = 1. 
Vi Jo Vi Jo V0 dx 


It is seen from (15) that the error function erf(x) and complementary error function erfc(x) are 
related by the identity 


erf(x) + erfc(x) = 1. 


Because of its importance in probability, statistics, and applied partial differential equations, the 
error function has been extensively tabulated. Note that erf(0) = 0 is one obvious function value. 
Numerical values of erf(x) can also be found using a CAS such as Mathematica. 

If we are solving an initial-value problem (9) and recognize that indefinite integration of the 
right-hand side of (7) would lead to a nonelementary integral, then as we saw in Example 5 of 
Section 2.2 it is convenient to use instead definite integration over the interval [xo, x]. The last example 
illustrates that this procedure automatically incorporates the initial condition at xy into the solution 
of the DE, in other words, we do not have to solve for the constant c in its general solution. 
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3 2 -1 


FIGURE 2.3.4 Graph of (18) in Example 6 
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| EXAMPLE6 | The Error Function 


d 
Solve the initial-value problem - — 2xy = 2, y(0) = 1. 
x 


SOLUTION The differential equation is already in standard form, and so we see that the in- 


JS(—2x dx) en ° 


tegrating factor is e “. Multiplying both sides of the equation by this factor then 


. ~* which is the same as 


1d 
a 2xe~ 


gives e ” y = 2e 


d 2 2 
a y] = 2e*. (16) 


Because indefinite integration of both sides of equation (16) leads to the nonelementary inte- 
gral fe ~ dx, we identify x) = 0 and use definite integration over the interval [0, x]: 


x x 


*d | ; : | 
| Sle yoler = 2| edt or e* y(x) — y(0) = 2| e-! dt. 
0 at 0 


0 
Using the initial condition y(0) = 1 the last expression yields the solution 
y= e+ 20" | e dt. (17) 


0 
Then by inserting the factor Vzr/ Vz into this solution in the following manner: 
erf(x) 
y =e* + 2e* [a dt = |! + Var (+[e a)| 

0 Vit 
we see from (14) that (17) can be rewritten in terms of the error function as 

y= e*[1 + Va erf(x)]. (18) 
The graph of solution (18), shown in FIGURE 2.3.4, was obtained with the aid of a CAS. = 


See Problems 39-44 in Exercises 2.3. 


I| Use of Computers Some computer algebra systems are capable of producing explicit 
solutions for some kinds of differential equations. For example, to solve the equation y’ + 2y = x, 
we use the input commands 


DSolve[y’ [x] + 2 y[x] == x, y[x], x] (in Mathematica) 
and dsolve(diff(y(x), x) + 2*y(x) = x, y(x)); (in Maple) 
Translated into standard symbols, the output of each program is y = —} + 3x + ce. 


REMARKS 


(i) Occasionally a first-order differential equation is not linear in one variable but is linear in 
the other variable. For example, the differential equation 


dy 1 
die ear 


is not linear in the variable y. But its reciprocal 
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is recognized as linear in the variable x. You should verify that the integrating factor 
eJ/D4v = e” and integration by parts yield an implicit solution of the first equation: 


CS 


(ii) Because mathematicians thought they were appropriately descriptive, certain words were 
“adopted” from engineering and made their own. The word transient, used earlier, is one of 
these terms. In future discussions the words input and output will occasionally pop up. The 
function fin (2) 1s called the input or driving function; a solution of the differential equation 
for a given input is called the output or response. 


(Zaey] Exercises Answers to selected odd-numbered problems begin on page ANS-2. 


In Problems 1-24, find the general solution of the given differ- 
ential equation. Give the largest interval over which the general 
solution is defined. Determine whether there are any transient 
terms in the general solution. 


dy dy 
1.§—=5 2. — + 2y=0 
dx 4 dx - 
d d 
3 + y =e 43 +1yH4 
dx dx 
5. y’ + 3x*y = x? 6. y' + 2 =x? 
7. x*y' + xy = 8 y =2ytx74+5 
dy d 
9 x— — y = x’sinx 10. g— 4+ 2y = 
d. dx 
dy é dy P 
WW. x—+4y=x-x 12. dl +x—-x=x+x 
dx dx 


13. x*y' + x(x + 2)y = e* 

14. xy’ + (1 + xy = e “*sin2x 
15. ydx — 4(x + y°)dy = 0 

16. ydx = (ye — 2x)dy 


dy ; 
17. cosx— + (sinx)y = 1 
dx 
d 
ii Goer (cos*x)y = 1 
dx 
dy = 
19. (x + 1) — + (x + 2)y = 2xe * 
dx 
2 AY 
20. (x + 2)" — = 5 — 8y — Axy 
dx 


21 ar oF 0= 0 
7 rsec cos 


dP 
22. ieee ee 


dy = 
23. x— + Bx+ )Dy=e” 
dx 
2 dy 2 
244. a —- 1I)— + 2y=@+ 1 
dx 


In Problems 25-32, solve the given initial-value problem. Give 
the largest interval J over which the solution is defined. 


2. xy’ t+y=e*, yd) =2 


dx 
26. y— -— x= 2y*, yd) = 5 


dy 
di ; 
27. L a + Ri=E; i(O) = io, L, R, E, and iy constants 
aT 
28. a = k(T —T,,); T(O) = To, K, T,,, and Ty constants 


d 
29. (x + Dee +y=Inx, (1) = 10 


30. y’ + (tanx)y = cos*x, y(0) = -1 


-2Vx 
~y\d 
31. (: *) -= 1 ive] 


Vx / dy 


a, ax -1 
32. (+ eyo + x= tan t, x(0)=4 


[Hint: In your solution let u = tan~'t.] 


In Problems 33-36, proceed as in Example 5 to solve the 
given initial-value problem. Use a graphing utility to graph 
the continuous function y(x). 


d 
33. + Y= FO y(0) = 0, where 
x 
1 Osxs3 
f(a) = ‘a a 
dy 
34. —_ + y = f(x), y(O) = 1, where 
dx 
aye = Osx<l 
. =1, x>1 
dy 
35. d + 2xy = f(x), yO) = 2, where 
x 
fey = oo 
7 0, x21 


d 
36. (1 + a + 2xy = f(x), y(0) = 0, where 
xX 


O=x<1 


Kee I 


x 
FQ) = {* 
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In Problems 37 and 38, proceed as in Example 5 to solve the 
given initial-value problem. Use a graphing utility to graph the 
continuous function y(x). 
dy 
37. 7” + P(x)y = 4x, yO) = 3, where 
Ix 
2, O=x=1 


ES a x>1 
x 
dy 
38. — + P(x)y = 0, y(O) = 4, where 
dx 
1 OSxs2 
P(x) = 
5, x>2 


In Problems 39 and 40, proceed as in Example 6 and express the 
solution of the given initial-value problem in terms of erf(x) 
(Problem 39) and erfc(x) (Problem 40). 


dy 
39. ——-2y=1, wlI=1 
dx 


d 
40. ss xy =1, (0) = Va/2 
xX 


In Problems 41 and 42, proceed as in Example 6 and express 
the solution of the given initial-value problem in terms of an 
integral-defined function. 


di, 
Ma. —+ey=1, yO)=1 
dx 


42, x*7— —y=x, yl) =0 


43. The sine integral function is defined as 


Kee 
sin t 


Si(x) = [ea 


0 
where the integrand is defined to be | at x = 0. Express the 
solution of the initial-value problem 
d 
+ 2x4) = 10sinx, (1) =0 
dx 
in terms of Si(x). 


44. The Fresnel sine integral function is defined as 


S(x) = [s (Zea 
(x) = Re 5 : 


Express the solution of the initial-value problem 
d 

— — (sinx?)y = 0, yO) = 5 
dx 


in terms of S(x). 


Discussion Problems 


45. Reread the discussion following Example |. Construct a 
linear first-order differential equation for which all noncon- 
stant solutions approach the horizontal asymptote y = 4 
as X > OO. 

46. Reread Example 2 and then discuss, with reference to 
Theorem 1.2.1, the existence and uniqueness of a solution of 
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the initial-value problem consisting of xy’ — 4y = x*e* and 

the given initial condition. 

(a) yO) = 0 

(b) (0) = yo, yo > 0 

(c) yA) = Yo X79, Yo >O 

47. Reread Example 3 and then find the general solution of the 
differential equation on the interval (—3, 3). 

48. Reread the discussion following Example 4. Construct a lin- 
ear first-order differential equation for which all solutions are 
asymptotic to the line y = 3x — S5asx— ov. 

49. Reread Example 5 and then discuss why it is technically incor- 
rect to say that the function in (13) is a solution of the IVP on 
the interval [0, 00). 

50. (a) Construct a linear first-order differential equation of the 

form xy’ + ao(x)y = g(x) for which y, = c/x* and Vp = Me 
Give an interval on which y = x° + c/x? is the general 
solution of the DE. 

(b) Give an initial condition y(%y) = yo for the DE found in 
part (a) so that the solution of the IVP is y = x° — 1/x°. 
Repeat if the solution is y = x° + 2/x°. Give an interval J 
of definition of each of these solutions. Graph the solution 
curves. Is there an initial-value problem whose solution 
is defined on the interval (—o«, 00)? 

(c) Is each IVP found in part (b) unique? That is, can there 
be more than one IVP for which, say, y = x* — I/x°, x in 
some interval / is the solution? 

51. In determining the integrating factor (5), there is no need 
to use a constant of integration in the evaluation of fP(x) dx. 
Explain why using fP(x) dx + c has no effect on the solution 
of (2). 


Mathematical Models 


52. Radioactive Decay Series The following system of differ- 
ential equations is encountered in the study of the decay of a 
special type of radioactive series of elements: 


d. 

“= —X,x, 

dt 

dy 

at = Ax = oy, 


where A, and A, are constants. Discuss how to solve this 
system subject to x(0) = xo, y(O) = yo. Carry out your ideas. 

53. Heart Pacemaker A heart pacemaker consists of a switch, 
a battery of constant voltage Eo, a capacitor with constant 
capacitance C, and the heart as a resistor with constant resis- 
tance R. When the switch is closed, the capacitor charges; 
when the switch is open, the capacitor discharges, sending an 
electrical stimulus to the heart. During the time the heart is 
being stimulated, the voltage E across the heart satisfies the 
linear differential equation 


Solve the DE subject to E(4) = Ep. 


Computer Lab Assignments 56. (a) UseaCAS to graph the solution curve of the initial-value 
problem in Problem 44 on the interval (— 00, 00). 

It is known that Fresnel sine integral S(x) —> $ as x > 00 
and S(x) > —5 as x — —oo. What does the solution y(x) 
approach as x > oo? As x > —00? 

Use a CAS to find the values of the absolute maximum 
and the absolute minimum of the solution y(x) on the 
interval. 


54. (a) UseaCAS to graph the solution curve of the initial-value (b) 
problem in Problem 40 on the interval (— 00, 00). 
(b) Use tables or a CAS to value the value y(2). 
55. (a) UseaCAS to graph the solution curve of the initial-value (c) 
problem in Problem 43 on the interval [0, oo). 
(b) Use a CAS to find the value of the absolute maximum of 
the solution y(x) on the interval. 


2.4 Exact Equations 


INTRODUCTION Although the simple differential equation ydx + xdy = 0 is separable, we 
can solve it in an alternative manner by recognizing that the left-hand side is equivalent to the 
differential of the product of x and y; that is, ydx + xdy = d(xy). By integrating both sides of the 
equation we immediately obtain the implicit solution xy = c. 


I Differential of a Function of Two Variables If z = f(x, y) is a function of two 
variables with continuous first partial derivatives in a region R of the xy-plane, then its differential 
(also called the total differential) is 


0 0 
es gee ay (1) 
Ox oy 
Now if f(x, y) = c, it follows from (1) that 
0 0 
9 peg ty 6, (2) 
Ox oy 


In other words, given a one-parameter family of curves f(x, y) = c, we can generate a first-order dif- 
ferential equation by computing the differential. For example, if x° — Sxy + y’ = c, then (2) gives 


(2x — 5y)dx + (—5x + 3y”)dy = 0. (3) 


For our purposes it is more important to turn the problem around; namely, given a first-order DE 
such as (3), can we recognize that it is equivalent to the differential d(x” — Sxy + y*) = 0? 


Definition 2.4.1 Exact Equation 


A differential expression M(x, y) dx + N(x, y) dy is an exact differential in a region R of the 
xy-plane if it corresponds to the differential of some function f(x, y). A first-order differential 
equation of the form 


M(x, y) dx + N(x, y)dy = 0 


is said to be an exact equation if the expression on the left side is an exact differential. 


For example, the equation x’y'dx + x*y’ dy = 0 is exact, because the left side is d(x°y°) = 
xy dx + xy’ dy. Notice that if M(x, y) = x’y? and N(x, y) = xy’, then aM/ay = 3x°y? = aNiax. 
Theorem 2.4.1 shows that the equality of these partial derivatives is no coincidence. 


Theorem 2.4.1 Criterion for an Exact Differential 


Let M(x, y) and M(x, y) be continuous and have continuous first partial derivatives in a rect- 
angular region R defined by a << x <b, c < y <d. Then a necessary and sufficient condition 
that M(x, y)dx + N(x, y) dy be an exact differential is 

aM _ aN 


dy ox’ (4) 
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PROOF: (Proof of the Necessity) For simplicity let us assume that M(x, y) and N(x, y) have 
continuous first partial derivatives for all (x, y). Now if the expression M(x, y) dx + N(x, y) dy is 
exact, there exists some function f such that for all x in R, 


af of 
M(x, y) dx + N(x, y) dy = ae + ay 


of of 
Therefore, Mi, y) = =, Noy) = =, 
Ox oy 
aM a (af af a (af aN 
and = = = ~ : 
oy oy \Ox Oyax ox \dy Ox 


The equality of the mixed partials is a consequence of the continuity of the first partial 


derivatives of M(x, y) and N(, y). = 


The sufficiency part of Theorem 2.4.1 consists of showing that there exists a function f for 
which offax = M(x, y) and df/ay = N(x, y) whenever (4) holds. The construction of the function f 
actually reflects a basic procedure for solving exact equations. 


Hi Method of Solution Given an equation of the form M(x, y)dx + N(x, y) dy = 0, deter- 
mine whether the equality in (4) holds. If it does, then there exists a function f for which 


a 
a = M(x, y). 


We can find f by integrating M(x, y) with respect to x, while holding y constant: 


f(x, y) = | M(x, y) dx + g(y), (5) 


where the arbitrary function g(y) is the “constant” of integration. Now differentiate (5) with re- 
spect to y and assume dflay = N(x, y): 


Lie 


; ce y) dx + g'(y) = N(x, y). 
yoy 


This gives g'(y) = Nw, y) - = |x y) dx. (6) 


Finally, integrate (6) with respect to y and substitute the result in (5). The implicit solution of the 
equation is f(x, y) = c. 

Some observations are in order. First, it is important to realize that the expression 
N(x, y) — (d/ay) [M(x, y) dx in (6) is independent of x, because 


0 0 oN 00 oN 0M 
No.) = [ mcs,» ae| is (2 mex.» ar) Sw 
Ox oy Ox oy \Ox Ox oy 


Second, we could just as well start the foregoing procedure with the assumption that 
oflay = N(x, y). After integrating N with respect to y and then differentiating that result, we would 
find the analogues of (5) and (6) to be, respectively, 


Foy) = | N(x,y) dy + h(x) and A’) = MG,y) - fs | NOx, y) dy. 


If you find that integration of of/ax = M(x, y) with respect to x is difficult, then try 
integrating df/dy = N(x, y) with respect to y. In either case none of these formulas should 
be memorized. 
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Note the form of the 
solution. It is f(x, y) = c. 


| EXAMPLE1 | Solving an Exact DE 


Solve 2xydx + @? — 1) dy =0. 
SOLUTION With M(x, y) = 2xy and N(x, y) = x? — 1 we have 


oM oN 
— = 2x =, 
oy Ox 


Thus the equation is exact, and so, by Theorem 2.4.1, there exists a function f(x, y) such that 


of 


0 
—-=2xy and DF a oi, 
Ox oy 


From the first of these equations we obtain, after integrating, 

f(x, y) = xy + 86). 
Taking the partial derivative of the last expression with respect to y and setting the result equal 
to N(x, y) gives 


0 
“ = x7 + g'(y) = x? — 1. — Ma, y) 
y 


It follows that g'(y)=—-1 and g(y)=~-y. 


Hence, f(x, y) = x’y — y, and so the solution of the equation in implicit form is x*y — y = c. 
The explicit form of the solution is easily seen to be y = c/(x? — 1) and is defined on any in- 


terval not containing either x = 1 orx = —1. = 


The solution of the DE in Example 1 is not f(x, y) = x’y — y. Rather it is f(x, y) = c; or ifa 
constant is used in the integration of g’(y), we can then write the solution as f(x, y) = 0. Note, 
too, that the equation could be solved by separation of variables. 


| EXAMPLE2 | Solving an Exact DE 


Solve (e”” — ycos xy) dx + (2xe”” — x cos xy + 2y) dy = 0. 


SOLUTION The equation is exact because 


aM . aN 
— = 2e°” + xysinxy — cosxy = —. 
oy Ox 


Hence a function f(x, y) exists for which 
0 0 
M(x, y) = of and Mx, y) = of 
Ox oy 


Now for variety we shall start with the assumption that dffay = N(x, y); 


; of 2y 
that is, - 2xe — xcosxy + 2y 
y 


f(y) = 2x| e%ay = x] cosay dy + 29 dy + h(x) 


Remember, the reason x can come out in front of the symbol f is that in the integration with 
respect to y, x is treated as an ordinary constant. It follows that 
f(x, y) = xe” — sinxy + y* + h(x) 


of 


F e”” — ycosxy + h'(x) = e” — ycosxy <M(,y) 
x 


and so h'(x) = 0 or h(x) = c. Hence a family of solutions is 


xe” — sinxy +y’>+c=0. 
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FIGURE 2.4.1 Some solution curves in the 


family (7) of Example 3 
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| EXAMPLE3 | An Initial-Value Problem 


ae dy xy? — cosxsinx 
Solve the initial-value problem = +) 
dx yd — x°) 


y(0) = 2. 
SOLUTION By writing the differential equation in the form 
(cos x sin x — xy’) dx + y(1 — x*) dy =0 


we recognize that the equation is exact because 


0M aN 

= -—2xy = —. 

oy Ox 
0 

Now cm y(1 — x?) 
dy 
y? 
Jy) = "5 tl = x’) + h(x) 


of = —xy? + h'(x) = 


cosxsinx — xy’. 
Ox 


The last equation implies that h’(x) = cos x sin x. Integrating gives 


h(x) = = | (co x)(— sin x dx) = —Fe0s"s. 


1 
Thus rae — x7) - 5 cos =c, or y (1 — x”) — cos*x =e, (7) 


where 2c, has been replaced by c. The initial condition y = 2 when x = 0 demands that 
4(1) — cos?(0) = c and so c = 3. An implicit solution of the problem is then 
yd — x’) — cos?x = 3. 

The solution curve of the IVP is part of an interesting family of curves and is the curve drawn 
in blue in FIGURE 2.4.1. The graphs of the members of the one-parameter family of solutions given 
in (7) can be obtained in several ways, two of which are using software to graph level curves 
as discussed in the last section, or using a graphing utility and carefully graphing the explicit 
functions obtained for various values of c by solving y* = (c + cos” x)((1 — x°) for y. = 


Hi Integrating Factors Recall from the last section that the left-hand side of the linear 
equation y’ + P(x)y = f(x) can be transformed into a derivative when we multiply the equation 
by an integrating factor. The same basic idea sometimes works for a nonexact differential equa- 
tion M(x, y)dx + N(x, y)dy = 0. That is, it is sometimes possible to find an integrating factor 
u(x, y) so that after multiplying, the left-hand side of 


u(x, y)M(x, y)dx + u(x, y)N(x, y)dy = 0 (8) 


is an exact differential. In an attempt to find y we turn to the criterion (4) for exactness. Equation (8) 
is exact if and only if (uM), = (uN),, where the subscripts denote partial derivatives. By the 
Product Rule of differentiation the last equation is the same as uM, + u,M = uN, + uN or 


uN — pyM = (M, ~ Nu (9) 


Although M, N, M,, N.. are known functions of x and y, the difficulty here in determining the 
unknown p(x, y) from (9) is that we must solve a partial differential equation. Since we are not 
prepared to do that we make a simplifying assumption. Suppose yw is a function of one variable; 


say that u depends only upon x. In this case 4, = du/dx and (9) can be written as 
du My, -_ N, 
— = —~_~y, (10) 
dx N 


We are still at an impasse if the quotient (M, — N,)/N depends upon both x and y. However, if 
after all obvious algebraic simplifications are made, the quotient (M, — N,)/N turns out to depend 
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solely on the variable x, then (10) is a first-order ordinary differential equation. We can finally 
determine ps because (10) is separable as well as linear. It follows from either Section 2.2 or 
Section 2.3 that u(x) = e!%—%9/")4* Th like manner it follows from (9) that if u depends only 
on the variable y, then 

du N,—M, 


: 11 
w uo (11) 


In this case, if (NV, — M,)/M is a function of y, only then we can solve (11) for u. 
We summarize the results for the differential equation 


M(x, y) dx + N(x, y) dy = 0. (12) 


° If(M, — N,)/N is a function of x alone, then an integrating factor for equation (12) is 


M,-N, 
M(x) = el ow (13) 


° If(N, — M,)/M is a function of y alone, then an integrating factor for equation (12) is 


J _ - dy 


u(y) =e (14) 


| EXAMPLE 4 | A Nonexact DE Made Exact 


The nonlinear first-order differential equation xy dx + (2x* + 3y* — 20) dy = 0 is not exact. 
With the identifications M = xy, N = 2x? + 3y* — 20 we find the partial derivatives My = x 
and N, = 4x. The first quotient from (13) gets us nowhere since 


M, — Nx x — 4x —3x 
N 2x? + 3y? = 20 2x? ++ 3y* = 20 


depends on x and y. However (14) yields a quotient that depends only on y: 


N,-—M, 4x—x 3x 3 


M xy xy oy 


/y 3Iny 
J3dy/y — e Iny — e 


The integrating factor is then e = y*. After multiplying the given DE by 


u(y) = y° the resulting equation is 
xytdx + (2x’y> + 3y° — 20y*) dy = 0. 


You should verify that the last equation is now exact as well as show, using the method of this 
section, that a family of solutions is .x*y* + 5 y° — 5y* =e. = 


REMARKS 


(i) When testing an equation for exactness, make sure it is of the precise form M(x, y) dx + 
N(x, y) dy = 0. Sometimes a differential equation is written G(x, y) dx = H(, y) dy. In this 
case, first rewrite it as G(x, y) dx — H(x, y) dy = 0, and then identify M(x, y) = G(x, y) and 
N(x, y) = —H(, y) before using (4). 

(ii) In some texts on differential equations the study of exact equations precedes that of linear 
DEs. If this were so, the method for finding integrating factors just discussed can be used to 
derive an integrating factor for y’ + P(x)y = f(x). By rewriting the last equation in the dif- 
ferential form (P(x)y — f(x)) dx + dy = 0 we see that 


M, — N, 
————} = JAG), 
N (x) 


P(x) dx 


From (13) we arrive at the already familiar integrating factor e used in Section 2.3. 
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| 2.4 | Exercises Answers to selected odd-numbered problems begin on page ANS-2. 


In Problems 1-20, determine whether the given differential 
equation is exact. If it is exact, solve it. 


1. (2x — 1) dx + By + 7) dy =0 


2. (2x + y) dx — (x + 6y) dy = 0 

3. (5x + 4y) dx + (4x — 8y°) dy = 0 

4. (sin y — ysinx) dx + (cosx + xcos y — y)dy = 0 

5. (2xy’ — 3) dx + (2x*y + 4) dy =0 
1 dy y 3 

6. | 2y — — + cos3x}—— + ~, — 4x° + 3ysin 3x = 0 
x dx x 


7. (x? — y’) dx + (x? — 2xy) dy = 0 
8. (1 re *) dx = (1 — Inx) dy 


9. (x—y? + y’ sin x) dx = (3xy’ + 2y cos x) dy 
10. (x° + y*) dx + 3xy’ dy =0 


1 
11. (yiny — e *)dx + (4 + xiny) dy =0 
12, (3x°y + e) dx + (x + xe” — 2y) dy =0 


d 
13. rues = 2xe* — y + 6x? 
dx 


d 
14. (1-2+s) Dh im 
y dx x 


1 dx 
15. yes 3? = 0 
(x 1492) dy ** 
16. (Sy — 2x)y’ — 2y=0 
17. (tan x — sin x sin y) dx + cos x cos y dy = 0 


18. (2ysinxcosx — y+ 2ye”) dx = (x — sin’ x — Axye’) dy 
19. (4t?y — 152? — y) dt + (14 + 3y* -— dy =0 


20 (i+! : Jat (e+ st s)ar=o 
“Xt P PP +y? a r+ y . 


In Problems 21—26, solve the given initial-value problem. 
21. (x t+ yy de + Qxy+x-1)dy=0, yd)=1 
22. (e+ y)dx +(2+x+ ye’)dy=0, y(0)=1 
23. (4y + 2t—5)dt+ (6y + 4t—- 1)dy=0, y(-l)=2 
3y? — “) dy t 
24. ae ~~ 0, 1 = 1 
( ys )dt 2y ue 


25. (y’ cos x — 3x*y — 2x) dx + (2y sinx — x + Iny) dy = 0, 
y(0) =e 


1 dy 
26. (; ay + cosx — 2) a = yy + sinx), yO) = 1 


In Problems 27 and 28, find the value of k so that the given 
differential equation is exact. 


27. (y° + kxy* — 2x) dx + Gxy’ + 20x’y*) dy = 0 
28. (6xy? + cos y) dx + (2kx’y’ — x sin y) dy = 0 
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In Problems 29 and 30, verify that the given differential 
equation is not exact. Multiply the given differential equation 
by the indicated integrating factor u(x, y) and verify that the 
new equation is exact. Solve. 

29. (—xy sinx + 2y cos x) dx + 2xcosxdy =0; p(x, y) = xy 


30. (x° + 2xy — y’)dx + (y" + 2xy — x’) dy =0; u(x, y)=(x+ yy? 
In Problems 31-36, solve the given differential equation by 
finding, as in Example 4, an appropriate integrating factor. 

31. (2y’ + 3x) dx + 2xy dy =0 

32. vx t+ yt 1l)dx+ (+t 2y)dy=0 

33. 6xy dx + (4y + 9x”) dy = 0 


2 
34. cosxdx + (1 + 2) sinxdy = 0 
y 


35. (10 — 6y + e*) dx —2dy=0 
36. (y’ + xy’) dx + (Sy’ — xy + y’ sin y) dy =0 


In Problems 37 and 38, solve the given initial-value problem by 

finding, as in Example 4, an appropriate integrating factor. 

37. xdx + (’y + 4y) dy =0, y(4)=0 

38. OP + y?-—5)dx=(y+ xy) dy, yO)=1 

39. (a) Show that a one-parameter family of solutions of the 
equation 


(4xy + 3x7) dx + (2y + 2x’) dy =0 


is t+2x’y+y=c. 

(b) Show that the initial conditions y(0) = —2 and y(1) = 1 
determine the same implicit solution. 

(c) Find explicit solutions y,(x) and y,(x) of the differential 
equation in part (a) such that y,(0) = —2 and y,(1) = 1. 
Use a graphing utility to graph y,(x) and y,(x). 


Discussion Problems 


40. Consider the concept of an integrating factor used in Problems 
29-38. Are the two equations M dx + N dy = 0 and uM dx + 
LUN dy = 0 necessarily equivalent in the sense that a solution 
of one is also a solution of the other? Discuss. 

41. Reread Example 3 and then discuss why we can conclude that 
the interval of definition of the explicit solution of the IVP 
(the blue curve in Figure 2.4.1) is (—1, 1). 

42. Discuss how the functions M(x, y) and M(x, y) can be found so 
that each differential equation is exact. Carry out your ideas. 


1 
(a) M(x, y) dx + (xe + Oxy 1) dy =0 


xX 


) ae + Mess) ay = 0 
nae 


(b) (xv ae 5 
Xx 


43. Differential equations are sometimes solved by having a clever 
idea. Here is a little exercise in cleverness: Although the dif- 
ferential equation 


(x — Vx? + y?) dx + ydy = 0 


is not exact, show how the rearrangement 


xdx + ydy 
x? + y? 


and the observation 5d(x* + y’) = x dx + y dycan lead toa 
solution. 

44. True or False: Every separable first-order equation 
dyldx = g(x)h(y) is exact. 


Mathematical Model 


45. Falling Chain A portion of a uniform chain of length 8 ft is 
loosely coiled around a peg at the edge of a high horizontal 
platform and the remaining portion of the chain hangs at rest 
over the edge of the platform. See FIGURE 2.4.2. Suppose the 
length of the overhang is 3 ft, that the chain weighs 2 lb/ft, 
and that the positive direction is downward. Starting at tf = 0 
seconds, the weight of the overhanging portion causes the 
chain on the table to uncoil smoothly and fall to the floor. If 
x(t) denotes the length of the chain overhanging the table at 
time f > 0, then v = dx/dt is its velocity. When all resistive 
forces are ignored, it can be shown that a mathematical model 
relating v and x is 


dv 2 
xv— + vo = 32x. 
dx 


(a) Rewrite the model in differential form. Proceed as in 
Problems 31—36 and solve the DE by finding an ap- 
propriate integrating factor. Find an explicit solution 


v(x). 


(b) Determine the velocity with which the chain leaves the 
platform. 


peg 


platform edge 


x(t) 


FIGURE 2.4.2 Uncoiling chain in Problem 45 


Computer Lab Assignment 


46. (a) The solution of the differential equation 


2xy 


2_ 2 
Gaye sar f+ So : Ja =o 
x + y 


( x2 a yy? 

is a family of curves that can be interpreted as streamlines 
of a fluid flow around a circular object whose boundary 
is described by the equation x? + y’ = 1. Solve this DE 
and note the solution f(x, y) = c forc = 0. 


(b) Use aCAS to plot the streamlines for c = 0, 0.2, +0.4, 
+0.6, and +0.8 in three different ways. First, use the 
contourplot of a CAS. Second, solve for x in terms of 
the variable y. Plot the resulting two functions of y for 
the given values of c, and then combine the graphs. Third, 
use the CAS to solve a cubic equation for y in terms of x. 


2.5| Solutions by Substitutions 


INTRODUCTION We usually solve a differential equation by recognizing it as a certain 
kind of equation (say, separable) and then carrying out a procedure, consisting of equation- 
specific mathematical steps, that yields a function that satisfies the equation. Often the first 
step in solving a given differential equation consists of transforming it into another differential 
equation by means of a substitution. For example, suppose we wish to transform the first- 
order equation dy/dx = f(x, y) by the substitution y = g(x, uw), where u is regarded as a function 


of the variable x. 


If g possesses first-partial derivatives, then the Chain Rule gives 


See (10) on page 499. > 


d d 
= galt) + gyle w) 


By replacing dy/dx by f(x, y) and y by g(x, u) in the foregoing derivative, we get the new first- 


order differential equation 


du 
I(x, g(x, u)) = glx, u) + 8, (X, u) mrs 
X 


which, after solving for du/dx, has the form du/dx = F(x, u). If we can determine a solution u = d(x) 
of this second equation, then a solution of the original differential equation is y = g(x, b(x)). 
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A linear first-order DE 
ayy’ + doy = g(x) is 
homogeneous when 
g(x) =0. 


Il Homogeneous Equations If a function f possesses the property f(tx, ty) = f(x, y) 
for some real number a, then fis said to be a homogeneous function of degree a. For example, 
f(x, y) = x° + y' is a homogeneous function of degree 3 since 


(tx, ty) = (Be) + (py = POP + y) = FFG y), 


whereas f(x, y) = x7 + y? + 1 is seen not to be homogeneous. A first-order DE in differential 
form 


M(x, y) dx + N(x, y) dy = 0 (1) 


is said to be homogeneous if both coefficients M and N are homogeneous functions of the same 
degree. In other words, (1) is homogeneous if 


M(tx, ty) = t°M(x,y) and M(tx, ty) = t*N(x, y). 


The word homogeneous as used here does not mean the same as it does when applied to linear 
differential equations. See Sections 2.3 and 3.1. 
If M and N are homogeneous functions of degree a, we can also write 


M(x, y) =x*M(1,u) and Mx, y) =x*NU,u) where u = y/x, (2) 
and M(x, y) = y*M(v, 1) and = M(x, y) = y*N(v, 1) where v = x/y. (3) 


See Problem 31 in Exercises 2.5. Properties (2) and (3) suggest the substitutions that can be used 
to solve a homogeneous differential equation. Specifically, either of the substitutions y = ux or 
x = vy, where u and v are new dependent variables, will reduce a homogeneous equation to a 
separable first-order differential equation. To show this, observe that as a consequence of (2) a 
homogeneous equation M(x, y) dx + N(x, y) dy = 0 can be rewritten as 


x*M(1,u) dx +x*N,u)dy=0 or M(,u)dx + NA, u) dy = 0, 


where u = y/x or y = ux. By substituting the differential dy = udx + xdu into the last equation 
and gathering terms, we obtain a separable DE in the variables u and x: 


Md, u) dx + NA, u)[u dx + x du] = 0 
[M(1, uw) + uN, u)] dx + xN(1, u) du = 0 


dx Nd, u) du 
or +- = 
x Md, u) + uN, u) 


We hasten to point out that the preceding formula should not be memorized; rather, the procedure 
should be worked through each time. The proof that the substitutions x = vy and dx = vdy + y dv 
also lead to a separable equation follows in an analogous manner from (3). 


| EXAMPLE1 | Solving a Homogeneous DE 


Solve (x? + y’) dx + (x — xy) dy =0. 


SOLUTION Inspection of M(x, y) = x° + y* and N(x, y) = x? — xy shows that these coeffi- 
cients are homogeneous functions of degree 2. If we let y = ux, then dy = u dx + x du so that, 
after substituting, the given equation becomes 


(x7 + u2x’) dx + (x? — ux’)[u dx + x du] = 0 


(1 + u)dx + Pl — u) du =0 


Ll=4 dx 
du + =0 
1+u x 
2 dx ae 
= du + = 0. < long division 
Se x 
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After integration the last line gives 


—u +2 Inl1 + ul + In Ixl = In Icl 


y 
——+ 2Injl + = + Inlxl = InIcl. = <-resubstituting u = y/x 
x x 


Using the properties of logarithms, we can write the preceding solution as 


y 


x + yy 
rae ») = = or («+ yy’ = cre", 


CX 


In 


Although either of the indicated substitutions can be used for every homogeneous differ- 
ential equation, in practice we try x = vy whenever the function M(x, y) is simpler than N(x, y). 
Also it could happen that after using one substitution, we may encounter integrals that are 
difficult or impossible to evaluate in closed form; switching substitutions may result in an 
easier problem. 


[| Bernoulli's Equation The differential equation 


d 
. + Pay = fy", (4) 
xX 


where n is any real number, is called Bernoulli’s equation and is named after the Swiss math- 
ematican Jacob Bernoulli (1654-1705). Note that for n = 0 and n = 1, equation (4) is linear. 
For n # 0 and n # 1, the substitution u = y'" reduces any equation of form (4) toa 
linear equation. 


| EXAMPLE2 | Solving a Bernoulli DE 


d 
Solve x = + y = x’y*, 
dx 


SOLUTION We begin by rewriting the differential equation in the form given in (4) by dividing 
by x: 


Be Bi 


dx x 


With n = 2, we next substitute y = w! and 


dy _, du . 
Uu < Chain Rule 
dx dx 
into the given equation and simplify. The result is 
du 1 
es ae 
dx Xx 


The integrating factor for this linear equation on, say, (0, oo) is 


el dx -Inx — jinx! -1 


=¢"*=e =x. 
dy 
Integrating —[x‘'u] = -1 
dx 
gives x'u = —x + coru = —x* + cx. Since u = y' we have y = 1/u, and so a solution of 


the given equation is y = 1/(—x* + cx). = 


Note that we have not obtained the general solution of the original nonlinear differential equa- 
tion in Example 2, since y = 0 is a singular solution of the equation. 
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y 


FIGURE 2.5.1 Some solutions of the DE 
in Example 3 


[| Reduction to Separation of Variables A differential equation of the form 


F 
na fA ae By eo) (5) 
dx 


can always be reduced to an equation with separable variables by means of the substitution 
u = Ax + By + C, B # 0. Example 3 illustrates the technique. 


| EXAMPLE3 | An Initial-Value Problem 


d 
Solve the initial-value problem - = (-2x + yy +7, y0)=0. 
Ix 


SOLUTION Ifweletu = —2x + y, then du/dx = —2 + dy/dx, and so the differential equation 
is transformed into 


du > du ; 
S42 uv +7 of SHE 9. 
dx dx 
The last equation is separable. Using partial fractions, 
du 1 1 1 
=dx or = du = dx 
(u — 3)(u + 3) 6lu-3 ut3 


and integrating, then yields 


u-—3 
u+3 


w= 3: 


6x+6c, — ce™, 
ut 3 


< replace e™ by c 


1 
—In 
6 


zeta or 


Solving the last equation for u and then resubstituting gives the solution 


3(1 + ce) 3(1 + ce®) 
= ——— or = 2x + . 6 
. 1 — ce™ 4 " 1 — ce™ " 
Finally, applying the initial condition y(0) = 0 to the last equation in (6) gives c = —1. 


With the aid of a graphing utility we have shown in FIGURE 2.5.1 the graph of the particular 
solution 
3(1 — e®) 

1+ e” 


y=2x+ 


in blue along with the graphs of some other members of the family solutions (6). = 
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Each DE in Problems \-14 is homogeneous. 


In Problems 11-14, solve the given initial-value problem. 


dy 
In Problems 1—10, solve the given differential equation by using 1. xy’? — = yr — x, yl) =2 
an appropriate substitution. 


1. 
3. 
5. 


7. 


9. 


(x — y)dx +xdy=0 2. (x+y)dx+xdy=0 


dx F 
12, (x2 + oy?) =xy, wW(-l=1 
hy 


xdx+(y-—2x)dy=0O 4 ydx=2(x+ y) dy 13. (x + ye’) dx — xe“ dy =0, y(1)=0 
(y+ yx)dx-xrdy=0 6 (y+yxd de+xdy=0 14. ydx + x(nx—Iny— 1)dy=0, yl)=e 
dy _yu* ‘ dy _* + 3y Each DE in Problems 15-22 is a Bernoulli equation. 
i a ce Bey In Problems 15-20, solve the given differential equation by 
~ydx + (x t+ Vy) dy = 0 using an appropriate substitution. 
d d 1 d 
-x2ayt Ve = ya 5.x + y= 1 = pee 
dx dx dx 
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dy 3 dy : 33. 
17. — = yay’ — 1) 18 x—-(1+xy =x 
Ix dx 
dy dy 
19. 7? —+y= 20.. 301 + )— = 2aG? = 1 
as ee) ( ) i ty(y ) 
In Problems 21 and 22, solve the given initial-value problem. 34 
dy 1 , 
21. x? — 2xy = 3y', I)== 
a Os YS 
22 Pcs +y3?=1], y0)=4 
; dx , 35. 
Each DE in Problems 23-30 is of the form given in (5). 
In Problems 23—28, solve the given differential equation by 
using an appropriate substitution. 
d d l=x= 
m = ~@+y +17 gy Se 
dx dx xt+y 
dy d 
25. — = tan7(x + y) 6 = sin(x + y) 
dx ; dx 
dy a 
27. — =2+ Vy -2x+4+ 3 
dx 
d 
a, Sieg 
dx 
In Problems 29 and 30, solve the given initial-value problem. 
dy 
29. — = cos(x + y), y(O) = 7/4 
dx 36. 
dy 3x + 2y 
30. y-)= 1 


dx 3x +2y+2’ 


Discussion Problems 


31. Explain why it is always possible to express any homogeneous 
differential equation M(x, y) dx + M(x, y) dy = 0 in the form 


You might start by proving that 
M(x, y) = x*M(1, y/x) and M(x, y) = x*NCL, y/x). 
32. Put the homogeneous differential equation 
(5x° — 2y’) dx — xy dy =0 


into the form given in Problem 31. 


37. 


(a) Determine two singular solutions of the DE in Problem 10. 

(b) If the initial condition y(5) = 0 is as prescribed in 
Problem 10, then what is the largest interval J over which 
the solution is defined? Use a graphing utility to plot the 
solution curve for the IVP. 

In Example 3, the solution y(x) becomes unbounded as 

x — too. Nevertheless y(x) is asymptotic to a curve as 

x— —ooand to a different curve as x— oo. Find the equations 

of these curves. 


The differential equation 


dy 


ae =P) + Oy + R(x)y? 
LX 


is known as Riccati’s equation. 

(a) A Riccati equation can be solved by a succession of two 
substitutions provided we know a particular solution y, 
of the equation. Show that the substitution y = y, + u 
reduces Riccati’s equation to a Bernoulli equation (4) 
with n = 2. The Bernoulli equation can then be reduced 
to a linear equation by the substitution w = uw. 

Find a one-parameter family of solutions for the differ- 


ential equation 


(b) 


where y,; = 2/x is a known solution of the equation. 
Devise an appropriate substitution to solve 


xy’ = yIn(@ay). 


Mathematical Model 


Population Growth In the study of population dynamics one 
of the most famous models for a growing but bounded popu- 
lation is the logistic equation 


2 he 6) 
dt 7 , 


where a and b are positive constants. Although we will come 
back to this equation and solve it by an alternative method in 
Section 2.8, solve the DE this first time using the fact that it 
is a Bernoulli equation. 


2.6 | A Numerical Method 


INTRODUCTION 


In Section 2.1 we saw that we could glean qualitative information from a 


first-order DE about its solutions even before we attempted to solve the equation. In Sections 2.2—2.5 
we examined first-order DEs analytically; that is, we developed procedures for actually obtain- 
ing explicit and implicit solutions. But many differential equations possess solutions and yet 
these solutions cannot be obtained analytically. In this case we “solve” the differential equation 
numerically; this means that the DE is used as the cornerstone of an algorithm for approximating 
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solution curve 


FIGURE 2.6.2 Approximating y(x,) using 
a tangent line 


70 


the unknown solution. It is common practice to refer to the algorithm as a numerical method, 
the approximate solution as a numerical solution, and the graph of a numerical solution as a 
numerical solution curve. 

In this section we are going to consider only the simplest of numerical methods. A more ex- 
tensive treatment of this subject is found in Chapter 6. 


Hl Using the Tangent Line Let us assume that the first-order initial-value problem 


y =f%y), yo) = Yo (1) 


possesses a solution. One of the simplest techniques for approximating this solution is to 
use tangent lines. For example, let y(x) denote the unknown solution of the first-order 
initial-value problem y’ = 0.1Vy + 0.4x?, y(2) = 4. The nonlinear differential equation 
cannot be solved directly by the methods considered in Sections 2.2, 2.4, and 2.5; neverthe- 
less we can still find approximate numerical values of the unknown y(x). Specifically, suppose 
we wish to know the value of y(2.5). The IVP has a solution, and, as the flow of the direction 
field in FIGURE 2.6.1(a) suggests, a solution curve must have a shape similar to the curve shown 
in blue. 
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it = i =) 1 i 5) 1 4 i 
(a) Direction field for y = 0 (b) Lineal element at (2, 4) 


FIGURE 2.6.1 Magnification of a neighborhood about the point (2, 4) 


The direction field in Figure 2.6.1(a) was generated so that the lineal elements pass through 
points in a grid with integer coordinates. As the solution curve passes through the initial point 
(2, 4), the lineal element at this point is a tangent line with slope given by f(2, 4) = 0.1V4 + 
0.4(2)° = 1.8. As is apparent in Figure 2.6.1(a) and the “zoom in” in Figure 2.6.1(b), when x is 
close to 2 the points on the solution curve are close to the points on the tangent line (the lineal 
element). Using the point (2, 4), the slope f(2, 4) = 1.8, and the point-slope form of a line, we 
find that an equation of the tangent line is y = L(x), where L(x) = 1.8x + 0.4. This last equation, 
called a linearization of y(x) at x = 2, can be used to approximate values y(x) within a small 
neighborhood of x = 2. If y; = L(x,) denotes the value of the y-coordinate on the tangent line 
and y(x,) is the y-coordinate on the solution curve corresponding to an x-coordinate x, that is 
close to x = 2, then y(x,) ~ y,. If we choose, say, x, = 2.1, then y, = L(2.1) = 1.8(2.1) + 0.4 = 4.18, 
and so y(2.1) ~ 4.18. 


I| Euler’s Method To generalize the procedure just illustrated, we use the linearization of 
the unknown solution y(x) of (1) at x = xp: 


L(x) = f (Xo. Yo)(X — Xo) + Yo. (2) 


The graph of this linearization is a straight line tangent to the graph of y = y(x) at the point 
(Xo, Yo). We now let h be a positive increment of the x-axis, as shown in FIGURE 2.6.2. Then by 
replacing x by x; = xp + hin (2) we get 


Lx) = fo, Yoo +A-X) FY OF yy, = Yo + Af; Yo) 


where y, = L(x,). The point (x,, y,) on the tangent line is an approximation to the point 
(x,, y(x,)) on the solution curve. Of course the accuracy of the approximation y, ~ y(x,) 
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TABLE 2.6.1 h 


= 0.1 


4.0000 
4.1800 
4.3768 
4.5914 
4.8244 
5.0768 


TABLE 2.6.2 h 


2.00 
2.05 
2.10 
2.15 
2.20 
2.25 
2.30 
2.35 
2.40 
2.45 
2.50 


4.0000 
4.0900 
4.1842 
4.2826 
4.3854 
4.4927 
4.6045 
4.7210 
4.8423 
4.9686 
5.0997 


depends heavily on the size of the increment h. Usually we must choose this step size to 
be “reasonably small.” We now repeat the process using a second “tangent line” at (x, y,).* 
By replacing (Xo, yo) in the above discussion with the new starting point (x,, y,;), we 
obtain an approximation y, ~ y(x,) corresponding to two steps of length h from Xp, that is, 
Xx =x, th=x) + 2h and 


Y(%q) = YX + 2h) = yO, + h) ~ yo = yy, + Af, y1)- 


Continuing in this manner, we see that y,, yy, y3,..., can be defined recursively by the 
general formula 


Yn+1— Jn + hf (Xp, Yn)s (3) 


where x, = Xp + nh,n =0,1,2,.... This procedure of using successive “tangent lines” is called 
Euler’s method. 


| EXAMPLE1 | Euler’s Method 


Consider the initial-value problem y’ = 0.1 Vy + 0.4x”, y(2) = 4. Use Euler’s method to 
obtain an approximation to y(2.5) using first h = 0.1 and then h = 0.05. 


SOLUTION With the identification f(x, y) = 0.1 Vy + 0.4x’, (3) becomes 


Ynt1 — Yn + AO.1Vy, + 0.4x2 a 


Then for h = 0.1, x) = 2, yo = 4, and n = 0, we find 


V1 = Yo + AO.AV yo + 0.4x2) = 4 + 0.10.14 + 0.4(2)*) = 4.18, 


which, as we have already seen, is an estimate to the value of y(2.1). However, if we use the 
smaller step size h = 0.05, it takes two steps to reach x = 2.1. From 


y, = 4+ 0.05(0.1V4 + 0.4(2)) = 4.09 
y> = 4.09 + 0.05(0.1V/4.09 + 0.4(2.05)*) = 4.18416187 


we have y, ~ y(2.05) and y, ~ y(2.1). The remainder of the calculations were carried out 
using software; the results are summarized in Tables 2.6.1 and 2.6.2. We see in Tables 2.6.1 
and 2.6.2 that it takes five steps with h = 0.1 and ten steps with h = 0.05, respectively, to get 
to x = 2.5. Also, each entry has been rounded to four decimal places. = 


In Example 2 we apply Euler’s method to a differential equation for which we have already 
found a solution. We do this to compare the values of the approximations y, at each step with the 
true values of the solution y(x,,) of the initial-value problem. 


| EXAMPLE2 | Comparison of Approximate and Exact Values 


Consider the initial-value problem y’ = 0.2xy, y(1) = 1. Use Euler’s method to obtain an 
approximation to y(1.5) using first h = 0.1 and then h = 0.05. 


SOLUTION With the identification f(x, y) = 0.2xy, (3) becomes 


Yn+1— Yn a3 h(O.2X,Yn)s 


where x) = | and yp = 1. Again with the aid of computer software we obtain the values in 
Tables 2.6.3 and 2.6.4. 


*This is not an actual tangent line since (x;, y,) lies on the first tangent and not on the solution curve. 
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TABLE 2.6.3 h=0.1 TABLE 2.6.4 h=0.05 


ais, Vn Actual Absolute % Rel. ge va Actual Absolute % Rel. 
Value Error Error Value Error Error 
1.00 1.0000 1.0000 0.0000 0.00 1.00 1.0000 1.0000 0.0000 0.00 
1.10 1.0200 1.0212 0.0012 0.12 1.05 1.0100 1.0103 0.0003 0.03 
1.20 1.0424 1.0450 0.0025 0.24 1.10 1.0206 1.0212 0.0006 0.06 
1.30 1.0675 1.0714 (0.0040 0.37 1.15 1.0318 1.0328 ~—-0.0009 0.09 
1.40 1.0952 1.1008 ~—- 0.0055 0.50 1.20 1.0437 1.0450 0.0013 0.12 
1.50 1.1259 1.1331 ~—-0.0073 0.64 1.25 1.0562 1.0579 0.0016 0.16 
1.30 1.0694 1.0714 0.0020 0.19 
1.35 1.0833 1.0857 0.0024 0.22 
1.40 1.0980 1.1008 0.0028 0.25 
1.45 1.1133 1.1166 0.0032 0.29 
1.50 1.1295 1.1331 ~—-0.0037 0.32 = 
0.102 


In Example 1, the true values were calculated from the known solution y = e”!“ ~! (verify). 


Also, the absolute error is defined to be 
|true value — approximation|. 
The relative error and percentage relative error are, in turn, 


absolute error absolute error 
ee ———— X 100. 


an 
|true value| |true value 


By comparing the last two columns in Tables 2.6.3 and 2.6.4, it is clear that the accuracy of the 
approximations improve as the step size h decreases. Also, we see that even though the percent- 
age relative error is growing with each step, it does not appear to be that bad. But you should not 
be deceived by one example. If we simply change the coefficient of the right side of the DE in 
Example 2 from 0.2 to 2, then at x, = 1.5 the percentage relative errors increase dramatically. 
See Problem 4 in Exercises 2.6. 


| A Caveat Euler’s method is just one of many different ways a solution of a differential 
equation can be approximated. Although attractive for its simplicity, Euler’s method is seldom 
used in serious calculations. We have introduced this topic simply to give you a first taste of 
numerical methods. We will go into greater detail and discuss methods that give significantly 
greater accuracy, notably the fourth-order Runge-Kutta method, in Chapter 6. We shall refer 
to this important numerical method as the RK4 method. 


I| Numerical Solvers Regardless of whether we can actually find an explicit or implicit 
solution, if a solution of a differential equation exists, it represents a smooth curve in the 
Cartesian plane. The basic idea behind any numerical method for ordinary differential equa- 
tions is to somehow approximate the y-values of a solution for preselected values of x. We start 
at a specified initial point (xo, yo) on a solution curve and proceed to calculate in a step-by-step 
fashion a sequence of points (x), y1), (%2, 2), -- +» (Xp, ¥,) Whose y-coordinates y; approximate 
the y-coordinates y(x,) of points (x,, y(x,)), (%, y(%)), - - - » (Xp, V(x,)) that lie on the graph of 
the usually unknown solution y(x). By taking the x-coordinates close together (that is, for small 
values of h) and by joining the points (x), y,), (%, Yo), .--. (X,»» Y,) With short line segments, 
we obtain a polygonal curve that appears smooth and whose qualitative characteristics we hope 
are close to those of an actual solution curve. Drawing curves is something well suited to a 
computer. A computer program written to either implement a numerical method or to render 
a visual representation of an approximate solution curve fitting the numerical data produced 
by this method is referred to as a numerical solver. There are many different numerical solv- 
ers commercially available, either embedded in a larger software package such as a computer 
algebra system or as a stand-alone package. Some software packages simply plot the generated 
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exact 
solution 


method 


Ly 


FIGURE 2.6.3 Comparison of numerical 
methods 


FIGURE 2.6.4 A not very helpful 
numerical solution curve 


numerical approximations, whereas others generate both hard numerical data as well as the 
corresponding approximate or numerical solution curves. As an illustration of the connect- 
the-dots nature of the graphs produced by a numerical solver, the two red polygonal graphs in 
FIGURE 2.6.3 are numerical solution curves for the initial-value problem y’ = 0.2xy, y(0) = 1, 
on the interval [0, 4] obtained from Euler’s method and the RK4 method using the step size 
h = 1. The blue smooth curve is the graph of the exact solution y = e°™ of the IVP. Notice 
in Figure 2.6.3 that even with the ridiculously large step size of h = 1, the RK4 method pro- 
duces the more believable “solution curve.” The numerical solution curve obtained from the 
RK4 method is indistinguishable from the actual solution curve on the interval [0, 4] when a 
more typical step size of h = 0.1 is used. 


Il Using a Numerical Solver Knowledge of the various numerical methods is not 
necessary in order to use a numerical solver. A solver usually requires that the differential 
equation be expressed in normal form dy/dx = f(x, y). Numerical solvers that generate 
only curves usually require that you supply f(x, y) and the initial data xy and yy and 
specify the desired numerical method. If the idea is to approximate the numerical value 
of y(a), then a solver may additionally require that you state a value for h, or, equivalently, 
require the number of steps that you want to take to get from x = x, to x = a. For example, 
if we want to approximate y(4) for the IVP illustrated in Figure 2.6.3, then, starting at 
x = 0, it takes four steps to reach x = 4 with a step size of h = 1; 40 steps is equivalent to 
a step size of h = 0.1. Although it is not our intention here to delve into the many problems 
that one can encounter when attempting to approximate mathematical quantities, you 
should be at least aware of the fact that a numerical solver may break down near certain 
points or give an incomplete or misleading picture when applied to some first-order dif- 
ferential equations in the normal form. FIGURE 2.6.4 illustrates the numerical solution curve 
obtained by applying Euler’s method to a certain first-order initial value problem 
dyldx = f(x, y), y(0) = 1. Equivalent results were obtained using three different commer- 
cial numerical solvers, yet the graph is hardly a plausible solution curve. (Why?) There 
are several avenues of recourse when a numerical solver has difficulties; three of the more 
obvious are decrease the step size, use another numerical method, or try a different 
numerical solver. 


| 2.6 Exercises Answers to selected odd-numbered problems begin on page ANS-3. 


In Problems | and 2, use Euler’s method to obtain a four-decimal 
approximation of the indicated value. Carry out the recursion of 
(3) by hand, first using h = 0.1 and then using h = 0.05. 


y1) = 5; yU.2) 


1. y’ = 2x -3y 4+ 1, 
2 y'=x+y’*, yO) =0; y(0.2) 


In Problems 3 and 4, use Euler’s method to obtain a four-decimal 
approximation of the indicated value. First use h = 0.1 and then 
use h = 0.05. Find an explicit solution for each initial-value 
problem and then construct tables similar to Tables 2.6.3 


and 2.6.4. 
3. y’=y, yO) =1; y(1.0) 
4. y' =2xy, y(1)=1; y(1.5) 


8 y' =xy+ Vy, y(0)=1; y(0.5) 
y(1) = 1; y(1.5) 


10. y'=y—y’, y0)=0.5; yO.5) 


' y 
9, y' = xy’ ~ 


In Problems 11 and 12, use a numerical solver to obtain a nu- 
merical solution curve for the given initial-value problem. First 
use Euler’s method and then the RK4 method. Use h = 0.25 in 
each case. Superimpose both solution curves on the same co- 
ordinate axes. If possible, use a different color for each curve. 
Repeat, using h = 0.1 and h = 0.05. 


yO) = 1 
yO= 


11. y’ = 2(cos x)y, 
12. y’ = y(10 — 2y), 


In Problems 5—10, use a numerical solver and Euler’s method to 


obtain a four-decimal approximation of the indicated value. First 


use h = 0.1 and then use h = 0.05. 
as y =e, y(0)=0; (0.5) 
6. y= x t+ y’, y(O) = 1; y(0.5) 


7. y' =(x-yy’, y(0) = 0.5; y(0.5) 


Discussion Problem 


13. Use anumerical solver and Euler’s method to approximate y(1.0), 
where y(x) is the solution to y’ = 2xy’, y(0) = 1. First use h = 0.1 
and then h = 0.05. Repeat using the RK4 method. Discuss what 
might cause the approximations of y(1.0) to differ so greatly. 
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FIGURE 2.7.1 Time in which initial 
population triples in Example 1 


T 
P(t) = Pye 4055" 


avi 


t=2.71 


FIGURE 2.7.2 Growth (k > 0) and 
decay (k < 0) 
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2a Linear Models 


INTRODUCTION In this section we solve some of the linear first-order models that were 
introduced in Section 1.3. 


[| Growth and Decay The initial-value problem 


dx 

dt = kx, X(t) = Xo, (1) 
where k is the constant of proportionality, serves as a model for diverse phenomena involving ei- 
ther growth or decay. We have seen in Section 1.3 that in biology, over short periods of time, 
the rate of growth of certain populations (bacteria, small animals) is observed to be proportional 
to the population present at time ¢. If a population at some arbitrary initial time fp is known, 
then the solution of (1) can be used to predict the population in the future—that is, at times t > f. 
The constant of proportionality & in (1) can be determined from the solution of the initial-value 
problem using a subsequent measurement of x at some time f, > fp. In physics and chemistry, (1) 
is seen in the form of a first-order reaction, that is, a reaction whose rate or velocity dx/dt is di- 
rectly proportional to the first power of the reactant concentration x at time t. The decomposition 
or decay of U-238 (uranium) by radioactivity into Th-234 (thorium) is a first-order reaction. 


| EXAMPLE1 | Bacterial Growth 


A culture initially has Py number of bacteria. At t = 1 h the number of bacteria is measured 
to be } Po. If the rate of growth is proportional to the number of bacteria P(t) present at 
time ft, determine the time necessary for the number of bacteria to triple. 


SOLUTION We first solve the differential equation in (1) with the symbol x replaced by P. 
With ¢) = 0 the initial condition is P(O) = Py. We then use the empirical observation that 
P(1) = 3 Pp to determine the constant of proportionality k. 
Notice that the differential equation dP/dt = kP is both separable and linear. When it is put 
in the standard form of a linear first-order DE, 
dP 


— — kP = 0, 
dt 


we can see by inspection that the integrating factor is e“’ 


tion by this term immediately gives 


. Multiplying both sides of the equa- 


d —kt 
—-[e *P] = 0. 
qe Fl 


Integrating both sides of the last equation yields e““P = c or P(t) = ce“. Att = 0 it follows that 
Py = ce° = c, and so P(t) = Pye". Att = 1 we have 3 Py = Pye* or e& = 3. From the last equation 
we getk = In 3 = 0.4055. Thus P(t) = Pye°*>”, To find the time at which the number of bac- 
teria has tripled, we solve 3P,) = Pe for t. It follows that 0.4055¢ = In 3, and so 
_ In3 
** 0.4055 


See FIGURE 2.7.1. = 


=~ 2.71h. 


Notice in Example | that the actual number Pp of bacteria present at time t = 0 played no part 
in determining the time required for the number in the culture to triple. The time necessary for 
an initial population of, say, 100 or 1,000,000 bacteria to triple is still approximately 2.71 hours. 

As shown in FIGURE 2.7.2, the exponential function e“’ increases as t increases for k > 0 and 
decreases as f increases for k < 0. Thus problems describing growth (whether of populations, 
bacteria, or even capital) are characterized by a positive value of k, whereas problems involving 
decay (as in radioactive disintegration) yield a negative k value. Accordingly, we say that k is 
either a growth constant (k > 0) or a decay constant (k < 0). 
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Willard F. Libby 


[| Half-Life In physics the half-life is a measure of the stability of a radioactive substance. The 
half-life is simply the time it takes for one-half of the atoms in an initial amount A, to disintegrate, 
or transmute, into the atoms of another element. The longer the half-life of a substance, the more 
stable it is. For example, the half-life of highly radioactive radium, Ra-226, is about 1700 years. In 
1700 years one-half of a given quantity of Ra-226 is transmuted into radon, Rn-222. The most 
commonly occurring uranium isotope, U-238, has a half-life of approximately 4,500,000,000 years. 
In about 4.5 billion years, one-half of a quantity of U-238 is transmuted into lead, Pb-206. 


| EXAMPLE2 | Half-Life of Plutonium 


A breeder reactor converts relatively stable uranium-238 into the isotope plutonium-239. After 
15 years it is determined that 0.043% of the initial amount Ay of the plutonium has disinte- 
grated. Find the half-life of this isotope if the rate of disintegration is proportional to the 
amount remaining. 


SOLUTION Let A(A) denote the amount of plutonium remaining at any time. As in Example 1, 
the solution of the initial-value problem 

dA 
— =kA, A(O) = Ao, 2 
7 (0) = Ap (2) 
is A(t) = Ape“. If 0.043% of the atoms of Ay have disintegrated, then 99.957% of the substance 
remains. To find the decay constant k, we use 0.99957A, = A(15); that is, 0.99957A9 = Aye!™*. 
Solving for k then gives k = 7; In 0.99957 = —0.00002867. Hence A(t) = Age °°°°°8°"", Now 
the half-life is the corresponding value of time at which A(t) = 4 Apo. Solving for t gives 
5 Ag = Age” 0:20002867 or 5 = e70-00002867' The last equation yields 


In2 


t 0.00002867 24,180 years. = 
[| Carbon Dating About 1950, a team of scientists at the University of Chicago led by the 
American physical chemist Willard F. Libby (1908-1980) devised a method using a radioactive 
isotope of carbon as a means of determining the approximate ages of carbonaceous fossilized mat- 
ter. The theory of carbon dating is based on the fact that the radioisotope carbon- 14 is produced in 
the atmosphere by the action of cosmic radiation on nitrogen-14. The ratio of the amount of C-14 
to the stable C-12 in the atmosphere appears to be a constant, and as a consequence the proportion- 
ate amount of the isotope present in all living organisms is the same as that in the atmosphere. When 
a living organism dies, the absorption of C-14, by breathing, eating, or photosynthesis, ceases. Thus 
by comparing the proportionate amount of C-14, say, in a fossil with the constant amount ratio 
found in the atmosphere, it is possible to obtain a reasonable estimation of its age. The method is 
based on the knowledge of the half-life of C-14. Libby’s calculated value for the half-life of C-14 
was approximately 5600 years and is called the Libby half-life. Today the commonly accepted 
value for the half-life of C-14 is the Cambridge half-life that is close to 5730 years. For his work, 
Libby was award the Nobel Prize for chemistry in 1960. Libby’s method has been used to date 
wooden furniture in Egyptian tombs, the woven flax wrappings of the Dead Sea Scrolls, and the 
cloth of the enigmatic Shroud of Turin. 


| EXAMPLE3 | Age of a Fossil 


A fossilized bone is found to contain 0.1% of its original amount of C-14. Determine the age 
of the fossil. 


SOLUTION As in Example 2 the starting point is A(t) = Age“’. To determine the value of the 
decay constant k we use the fact that Ay = A(5730) or Ag = Age?’**. The last equation 
implies 5730k = In } = —In 2 and so we get k = —(In 2)/5730 = —0.00012097. Therefore 
A(t) = Age 000177" With A() = 0.001Ay we have 0.001Ay = Age” and —0.00012097t = 
In (0.001) = —In 1000. Thus 


In 1000 
Se i 
*= 900012007 ~ > 7103 years 
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The size and location of the sample 
caused major difficulties when a team of 
scientists were invited to use carbon-14 
dating on the Shroud of Turin in 1988. 
See Problem 12 in Exercises 2.7. 


The half-life of uranium-238 
is 4.47 billion years. 
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FIGURE 2.7.3 Temperature of cooling 
cake in Example 4 
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The date found in Example 3 is really at the border of accuracy of this method. The usual 
carbon- 14 technique is limited to about 10 half-lives of the isotope, or roughly 60,000 years. One 
fundamental reason for this limitation is the relatively short half-life of C-14. There are other 
problems as well; the chemical analysis needed to obtain an accurate measurement of the remain- 
ing C-14 becomes somewhat formidable around the point 0.001 Ao. Moreover, this analysis requires 
the destruction of a rather large sample of the specimen. If this measurement is accomplished 
indirectly, based on the actual radioactivity of the specimen, then it is very difficult to distinguish 
between the radiation from the specimen and the normal background radiation. But recently the 
use of a particle accelerator has enabled scientists to separate the C-14 from the stable C-12 
directly. When the precise value of the ratio of C-14 to C-12 is computed, the accuracy can be 
extended to 70,000—100,000 years. For these reasons and the fact that the C-14 dating is restricted 
to organic materials this method is used mainly by archaeologists. On the other hand, geologists 
who are interested in questions about the age of rocks or the age of the Earth use radiometric 
dating techniques. Radiometric dating, invented by the physicist/chemist Ernest Rutherford 
(1871-1937) around 1905, is based on the radioactive decay of a naturally occurring radioactive 
isotope with a very long half-life and a comparison between a measured quantity of this decaying 
isotope and one of its decay products, using known decay rates. Radiometric methods using 
potassium-argon, rubidium-strontium, or uranium-lead can give dates of certain kinds of rocks 
of several billion years. See Problems 5 and 6 in Exercises 2.9 for a discussion of the potassium- 
argon method of dating. 


Hi Newton’s Law of Cooling/Warming In equation (3) of Section 1.3 we saw that the 
mathematical formulation of Newton’s empirical law of cooling of an object is given by the 
linear first-order differential equation 
aT 

— =a = 2); (3) 

dt 
where k is a constant of proportionality, T(t) is the temperature of the object for tf > 0, and T,,, is 
the ambient temperature—that is, the temperature of the medium around the object. In Example 4 
we assume that T,,, is constant. 


m 


| EXAMPLE4 | Cooling of a Cake 


When a cake is removed from an oven, its temperature is measured at 300°F. Three minutes 
later its temperature is 200°F. How long will it take for the cake to cool off to a room tem- 
perature of 70°F? 


SOLUTION In (3) we make the identification T,,, = 70. We must then solve the initial-value 
problem 


dT 
cia k(T — 70), (0) = 300 (4) 


and determine the value of k so that 7(3) = 200. 
Equation (4) is both linear and separable. Separating variables, 


= kdt, 

T= 70 
yields In| T — 70| = kt + c,,and so T = 70 + cye“’. When t = 0, T = 300, so that 300 = 70 + c, 
gives cy = 230, and, therefore, T = 70 + 230e. Finally, the measurement 7(3) = 200 leads 
toe* = Bork =4ln3 0.19018. Thus 


T(t) = 70 + 230e-% 19018", (5) 


We note that (5) furnishes no finite solution to T(t) = 70 since lim,_,,, 7() = 70. Yet intuitively 
we expect the cake to reach the room temperature after a reasonably long period of time. How 
long is “long”? Of course, we should not be disturbed by the fact that the model (4) does not 
quite live up to our physical intuition. Parts (a) and (b) of FIGURE 2.7.3 clearly show that the 


cake will be approximately at room temperature in about one-half hour. = 
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ig x = 600 


t (min) x (Ib) 
50 266.41 
100 397.67 
150 477.27 
200 525.57 
300 572.62 
400 589.93 


(b) 


FIGURE 2.7.4 Pounds of salt in tank as 
a function of time in Example 5 


il Mixtures The mixing of two fluids sometimes gives rise to a linear first-order differential 
equation. When we discussed the mixing of two brine solutions in Section 1.3, we assumed that 
the rate x’(t) at which the amount of salt in the mixing tank changes was a net rate: 


dx input rate output a 
= - = Rn — Rou 6 
dt ( of salt ) ( of salt ” ne (6) 


In Example 5 we solve equation (8) of Section 1.3. 


| EXAMPLES | Mixture of Two Salt Solutions 


Recall that the large tank considered in Section 1.3 held 300 gallons of a brine solution. 
Salt was entering and leaving the tank; a brine solution was being pumped into the tank at 
the rate of 3 gal/min, mixed with the solution there, and then the mixture was pumped out 
at the rate of 3 gal/min. The concentration of the salt in the inflow, or solution entering, 
was 2 |b/gal, and so salt was entering the tank at the rate R;, = (2 1b/gal) - (3 gal/min) = 
6 lb/min and leaving the tank at the rate R,,,, = (x/300 Ib/gal) - (3 gal/min) = x/100 Ib/min. 
From this data and (6) we get equation (8) of Section 1.3. Let us pose the question: If there 
were 50 lb of salt dissolved initially in the 300 gallons, how much salt is in the tank after 
a long time? 


SOLUTION To find the amount of salt x(t) in the tank at time f, we solve the initial-value 
problem 


Note here that the side condition is the initial amount of salt, x(0) = 50 in the tank, and not 
the initial amount of liquid in the tank. Now since the integrating factor of the linear differ- 
ential equation is e’”'”°, we can write the equation as 


“ex] = 6e!/ 100. 


Integrating the last equation and solving for x gives the general solution x(t) = 600 + ce”. 
When t = 0, x = 50, so we find that c = —550. Thus the amount of salt in the tank at any time 
tis given by 


x(t) = 600 — 550e1°, (7) 


The solution (7) was used to construct the table in FIGURE 2.7.4(b). Also, it can be seen from 
(7) and Figure 2.7.4(a) that x(t) + 600 as t > oo. Of course, this is what we would expect 
in this case; over a long time the number of pounds of salt in the solution must be 
(300 gal)(2 Ib/gal) = 600 Ib. = 


In Example 5 we assumed that the rate at which the solution was pumped in was the same as 
the rate at which the solution was pumped out. However, this need not be the situation; the mixed 
brine solution could be pumped out at a rate r,,,, faster or slower than the rate r;, at which the 
other brine solution was pumped in. 


| EXAMPLE6 | Example 5 Revisited 


If the well-stirred solution in Example 5 is pumped out at the slower rate of r,,,, = 2 gallons 
per minute, then liquid accumulates in the tank at a rate of 


Yin — You = (3 — 2) gal/min = 1 gal/min. 


After ¢ minutes there are 300 + ¢ gallons of brine in the tank and so the concentration of the 
outflow is c(t) = x/(300 + ¢). The output rate of salt is then R,,,, = c(t) « Toy, OF 


ut 
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ee 00 be sc aan a al 
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FIGURE 2.7.5 LR-series circuit 


FIGURE 2.7.6 RC-series circuit 


78 


R 


Cc 


Hence equation (6) becomes 


dx 2x dx 2 


= = 6.= or + x= 
dt 300 + ft dt 300+¢f 


Multiplying the last equation by the integrating factor 


el maid — @1n(300 + 0)" = (300 ae ty 


yields 
d 2 2 
pt 300 + tx] = 6(300 + 1)’. 


By integrating and applying the initial condition x(0) = 50 we obtain the solution 
x(t) = 600 + 2r — (4.95 x 10’)(300 + 1) *. See the discussion following (8) of Section 1.3, 
Problem 12 in Exercises 1.3, and Problems 25—28 in Exercises 2.7. = 


Hi Series Circuits Foraseries circuit containing only a resistor and an inductor, Kirchhoff’s 

second law states that the sum of the voltage drop across the inductor (L(di/dt)) and the voltage 

drop across the resistor (iR) is the same as the impressed voltage (E() on the circuit. See FIGURE 2.7.5. 
Thus we obtain the linear differential equation for the current i(/), 


po ae Re (3) 
dt : , 


where L and R are known as the inductance and the resistance, respectively. The current i(f) is 
also called the response of the system. 

The voltage drop across a capacitor with capacitance C is given by q(t)/C, where gq is the 
charge on the capacitor. Hence, for the series circuit shown in FIGURE 2.7.6, Kirchhoff’s second 
law gives 


Ri + C4 = BO. (9) 


But current i and charge q are related by i = dq/dt, so (9) becomes the linear differential equation 


dq 1 
ale ee ee oe 1 
a € : uy 


| EXAMPLE7 | LR-Series Circuit 


A 12-volt battery is connected to an LR-series circuit in which the inductance is } henry and 
the resistance is 10 ohms. Determine the current i if the initial current is zero. 


SOLUTION From (8) we see that we must solve the equation 


subject to i(0) = 0. First, we multiply the differential equation by 2 and read off the integrating 
factor e?”’. We then obtain 


d 
ae fl =e 


Integrating each side of the last equation and solving for i gives i(t) = $ + ce". Now i(0) = 0 
implies 0 = £ + c orc = —8. Therefore the response is i(t) = £ — $e 7", 
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From (4) of Section 2.3 we can write a general solution of (8): 


e —(R/L)t 


i(t) = | e®/! E(t) dt + ce 8D", (11) 


In particular, when E(t) = E, is a constant, (11) becomes 
E 
i(t) = a + ce RD, (12) 


Note that as t > oo, the second term in (12) approaches zero. Such a term is usually called a 
transient term; any remaining terms are called the steady-state part of the solution. In this case 
E,/R is also called the steady-state current; for large values of time it then appears that the cur- 
rent in the circuit is simply governed by Ohm’s law (E = ik). 


REMARKS 


The solution P(t) = Pye**°™™ of the initial-value problem in Example | described the popula- 
tion of a colony of bacteria at any time t = 0. Of course, P(f) is a continuous function that 
takes on all real numbers in the interval defined by Py) = P < ov. But since we are talking 
about a population, common sense dictates that P can take on only positive integer values. 
Moreover, we would not expect the population to grow continuously—that is, every second, 
every microsecond, and so on—as predicted by our solution; there may be intervals of time 


[t,, t2] over which there is no growth at all. Perhaps, then, the graph shown in FIGURE 2.7.7(a) 
is amore realistic description of P than is the graph of an exponential function. Using a con- 
tinuous function to describe a discrete phenomenon is often more a matter of convenience 
than of accuracy. However, for some purposes we may be satisfied if our model describes the 
system fairly closely when viewed macroscopically in time, as in Figures 2.7.7(b) and 2.7.7(c), 
rather than microscopically, as in Figure 2.7.7(a). Keep firmly in mind, a mathematical model 
is not reality. 


P P P 
Po an = ae 
| | - 
La - 
= 
Loy | Poe Po 
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t t t t np |} — t +++ t 


(a) (b) (c) 
FIGURE 2.7.7 Population growth is a discrete process 


Growth and Decay 


Answers to selected odd-numbered problems begin on page ANS-3. 


increases by 15% in 10 years. What will the population be in 
30 years? How fast is the population growing at t = 30? 


1. The population of a community is known to increase at a rate 


proportional to the number of people present at time ¢. If an 
initial population P, has doubled in 5 years, how long will it 
take to triple? To quadruple? 

. Suppose it is known that the population of the community in 
Problem 1 is 10,000 after 3 years. What was the initial popu- 
lation P,? What will the population be in 10 years? How fast 
is the population growing at t = 10? 

. The population of a town grows at a rate proportional to the 
population present at time ¢. The initial population of 500 


. The population of bacteria in a culture grows at a rate propor- 


tional to the number of bacteria present at time ¢. After 3 hours 
it is observed that 400 bacteria are present. After 10 hours 
2000 bacteria are present. What was the initial number of 
bacteria? 


. The radioactive isotope of lead, Pb-209, decays at a rate pro- 


portional to the amount present at time ¢ and has a half-life of 
3.3 hours. If 1 gram of this isotope is present initially, how 
long will it take for 90% of the lead to decay? 
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10. 


Initially, 100 milligrams of a radioactive substance was pres- 
ent. After 6 hours the mass had decreased by 3%. If the rate 
of decay is proportional to the amount of the substance pres- 
ent at time f, find the amount remaining after 24 hours. 


. Determine the half-life of the radioactive substance described 


in Problem 6. 

(a) Consider the initial-value problem dA/dt = kA, A(O) = Ao, 
as the model for the decay of a radioactive substance. 
Show that, in general, the half-life T of the substance is 
T = —(n 2)/k. 

(b) Show that the solution of the initial-value problem in part 
(a) can be written A(t) = Aj2”. 

(c) If a radioactive substance has a half-life T given in 
part (a), how long will it take an initial amount Ag of the 
substance to decay to } Ag? 

When a vertical beam of light passes through a transparent 
medium, the rate at which its intensity J decreases is 
proportional to /(t), where t represents the thickness of the 
medium (in feet). In clear seawater, the intensity 3 feet below 
the surface is 25% of the initial intensity J) of the incident 
beam. What is the intensity of the beam 15 feet below 
the surface? 

When interest is compounded continuously, the amount 

of money increases at a rate proportional to the amount S present 

at time f¢, that is, dS/dt = rS, where r is the annual rate 
of interest. 

(a) Find the amount of money accrued at the end of 5 years 
when $5000 is deposited in a savings account drawing 
5 }% annual interest compounded continuously. 

(b) In how many years will the initial sum deposited have 
doubled? 

(c) Use a calculator to compare the amount obtained in 
part (a) with the amount S = 5000(1 + $(0.0575))*™ that 
is accrued when interest is compounded quarterly. 


Carbon Dating 


11. 


12. 


Archaeologists used pieces of burned wood, or charcoal, found 
at the site to date prehistoric paintings and drawings on walls 
and ceilings in a cave in Lascaux, France. See FIGURE 2.7.8. 
Use the information on page 75 to determine the approximate 
age of a piece of burned wood, if it was found that 85.5% of 
the C-14 found in living trees of the same type had decayed. 


+ » = 
= i 
© Robert Harding Picture Library Ltd./Alamy Images 


FIGURE 2.7.8 Cave wall painting in Problem 11 


The Shroud of Turin, which shows the negative image of the body 
of a man who appears to have been crucified, is believed by 
many to be the burial shroud of Jesus of Nazareth. See 
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FIGURE 2.7.9. In 1988 the Vatican granted permission to have the 
shroud carbon dated. Three independent scientific laboratories 
analyzed the cloth and concluded that the shroud was approxi- 
mately 660 years old,* an age consistent with its historical 
appearance. Using this age, determine what percentage of the 
original amount of C-14 remained in the cloth as of 1988. 


© Targa/age fotostock 


FIGURE 2.7.9 Shroud image in Problem 12 


Newton's Law of Cooling/Warming 


13. 


14. 


15. 


16. 


17. 


18. 


A thermometer is removed from a room where the temperature 
is 70°F and is taken outside, where the air temperature is 10°F. 
After one-half minute the thermometer reads 50°F. What is 
the reading of the thermometer at t = | min? How long will 
it take for the thermometer to reach 15°F? 

A thermometer is taken from an inside room to the outside, 
where the air temperature is 5°F. After 1 minute the thermo- 
meter reads 55°F, and after 5 minutes it reads 30°F. What is 
the initial temperature of the inside room? 

A small metal bar, whose initial temperature was 20°C, is dropped 
into a large container of boiling water. How long will it take the 
bar to reach 90°C if it is known that its temperature increased 2° 
in 1 second? How long will it take the bar to reach 98°C? 

Two large containers A and B of the same size are filled with 
different fluids. The fluids in containers A and B are maintained 
at O°C and 100°C, respectively. A small metal bar, whose ini- 
tial temperature is 100°C, is lowered into container A. After 
1 minute the temperature of the bar is 90°C. After 2 minutes 
the bar is removed and instantly transferred to the other con- 
tainer. After 1 minute in container B the temperature of the 
bar rises 10°. How long, measured from the start of the entire 
process, will it take the bar to reach 99.9°C? 

A thermometer reading 70°F is placed in an oven preheated to 
a constant temperature. Through a glass window in the oven 
door, an observer records that the thermometer read 1 10°F after 
+ minute and 145°F after 1 minute. How hot is the oven? 

Att = 0a sealed test tube containing a chemical is immersed 
in a liquid bath. The initial temperature of the chemical in the 
test tube is 80°F. The liquid bath has a controlled temperature 


*Some scholars have disagreed with the finding. For more information 
on this fascinating mystery, see the Shroud of Turin website home page 
at http://www.shroud.com. 


19. 


20. 


(measured in degrees Fahrenheit) given by T7,,(f) = 100 — 

40°", t = 0, where f is measured in minutes. 

(a) Assume that k = —0.1 in (2). Before solving the IVP, 
describe in words what you expect the temperature 7(#) of 
the chemical to be like in the short term. In the long term. 

(b) Solve the initial-value problem. Use a graphing utility to 
plot the graph of 7(£) on time intervals of various lengths. 
Do the graphs agree with your predictions in part (a)? 

A dead body was found within a closed room of a house where 

the temperature was a constant 70°F. At the time of discovery, 

the core temperature of the body was determined to be 85°F. 

One hour later a second measurement showed that the core 

temperature of the body was 80°F. Assume that the time of 

death corresponds to tf = 0 and that the core temperature at 
that time was 98.6°F. Determine how many hours elapsed 
before the body was found. 

Repeat Problem 19 if evidence indicated that the dead person 

was running a fever of 102°F at the time of death. 


Mixtures 


21. 


22. 


23. 


24. 


25. 


26. 


21. 


28. 


A tank contains 200 liters of fluid in which 30 grams of salt 
is dissolved. Brine containing | gram of salt per liter is then 
pumped into the tank at a rate of 4 L/min; the well-mixed 
solution is pumped out at the same rate. Find the number A(f) 
of grams of salt in the tank at time t. 

Solve Problem 21 assuming that pure water is pumped into 
the tank. 

A large tank is filled to capacity with 500 gallons of pure 
water. Brine containing 2 pounds of salt per gallon is pumped 
into the tank at a rate of 5 gal/min. The well-mixed solution 
is pumped out at the same rate. Find the number A(f) of pounds 
of salt in the tank at time ¢. 

In Problem 23, what is the concentration c(t) of the salt in the 
tank at time ¢? At t = 5 min? What is the concentration of the 
salt in the tank after a long time; that is, as t—> oo? At what 
time is the concentration of the salt in the tank equal to one- 
half this limiting value? 

Solve Problem 23 under the assumption that the solution is 
pumped out at a faster rate of 10 gal/min. When is the tank 
empty? 

Determine the amount of salt in the tank at time tin Example 5 
if the concentration of salt in the inflow is variable and given 
by c;,(t) = 2 + sin(¢/4) Ib/gal. Without actually graphing, 
conjecture what the solution curve of the [VP should look like. 
Then use a graphing utility to plot the graph of the solution 
on the interval [0, 300]. Repeat for the interval [0, 600] and 
compare your graph with that in Figure 2.7.4(a). 

A large tank is partially filled with 100 gallons of fluid in 
which 10 pounds of salt is dissolved. Brine containing } pound 
of salt per gallon is pumped into the tank at a rate of 6 gal/min. 
The well-mixed solution is then pumped out at a slower rate 
of 4 gal/min. Find the number of pounds of salt in the tank 
after 30 minutes. 

In Example 5 the size of the tank containing the salt mixture 
was not given. Suppose, as in the discussion following 
Example 5, that the rate at which brine is pumped into the 
tank is 3 gal/min but that the well-stirred solution is pumped 


out at a rate of 2 gal/min. It stands to reason that since brine 

is accumulating in the tank at the rate of 1 gal/min, any finite 

tank must eventually overflow. Now suppose that the tank has 
an open top and has a total capacity of 400 gallons. 

(a) When will the tank overflow? 

(b) What will be the number of pounds of salt in the tank at 
the instant it overflows? 

(c) Assume that, although the tank is overflowing, the brine 
solution continues to be pumped in at a rate of 3 gal/min 
and the well-stirred solution continues to be pumped 
out at a rate of 2 gal/min. Devise a method for deter- 
mining the number of pounds of salt in the tank at 
t = 150 min. 

(d) Determine the number of pounds of salt in the tank as 
t— co. Does your answer agree with your intuition? 

(e) Use a graphing utility to plot the graph A(f) on the inter- 
val [0, 500). 


Series Circuits 


29. 


30. 


31. 


32. 


33. 


34. 


A 30-volt electromotive force is applied to an LR-series circuit 
in which the inductance is 0.1 henry and the resistance is 
50 ohms. Find the current i(f) if i(0) = 0. Determine the cur- 
rent as f—> oo. 

Solve equation (8) under the assumption that E(7) = E, sin wt 
and i(0) = ip. 

A 100-volt electromotive force is applied to an RC-series cir- 
cuit in which the resistance is 200 ohms and the capacitance 
is 10~* farad. Find the charge q(t) on the capacitor if q(0) = 0. 
Find the current i(f). 

A 200-volt electromotive force is applied to an RC-series cir- 
cuit in which the resistance is 1000 ohms and the capacitance 
is 5 X 10°° farad. Find the charge g(#) on the capacitor if 
i(0) = 0.4. Determine the charge and current at tf = 0.005 s. 
Determine the charge as t—> oo. 

An electromotive force 


120, Osr=20 
E(t) = 
0, t > 20 


is applied to an LR-series circuit in which the inductance is 
20 henries and the resistance is 2 ohms. Find the current i(t) 
if i(0) = 0. 
An LR-series circuit has a variable inductor with the inductance 
defined by 


1-74 0=<t< 10 
Lo = { 10 
0, t> 10. 


Find the current i(f) if the resistance is 0.2 ohm, the impressed 
voltage is E(t) = 4, and i(0) = 0. Graph i(2). 


Additional Linear Models 


35. 


Air Resistance In (14) of Section 1.3 we saw that a differ- 
ential equation describing the velocity v of a falling mass 
subject to air resistance proportional to the instantaneous 
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36. 


37. 


38. 


39. 


velocity is 


dy 
m A mg — ky, 

where k > 0 is a constant of proportionality called the drag 

coefficient. The positive direction is downward. 

(a) Solve the equation subject to the initial condition 
v(O) = vo. 

(b) Use the solution in part (a) to determine the limiting, or 
terminal, velocity of the mass. We saw how to determine 
the terminal velocity without solving the DE in Problem 39 
in Exercises 2.1. 

(c) If the distance s, measured from the point where the 
mass was released above ground, is related to velocity v 
by ds/dt = v, find an explicit expression for s(t) if 
s(O) = 0. 

How High?—No Air Resistance Suppose a small cannonball 

weighing 16 lb is shot vertically upward with an initial veloc- 

ity Vo = 300 ft/s. The answer to the question, “How high does 
the cannonball go?” depends on whether we take air resistance 
into account. 

(a) Suppose air resistance is ignored. If the positive direction 
is upward, then a model for the state of the cannonball is 
given by d’s/dt? = —g (equation (12) of Section 1.3). 
Since ds/dt = v(t) the last differential equation is the same 
as dv/dt = —g, where we take g = 32 ft/s’. Find the 
velocity v(t) of the cannonball at time f. 

(b) Use the result obtained in part (a) to determine the 
height s(t) of the cannonball measured from ground 
level. Find the maximum height attained by the 
cannonball. 

How High?—Linear Air Resistance Repeat Problem 36, 

but this time assume that air resistance is proportional to 

instantaneous velocity. It stands to reason that the maximum 
height attained by the cannonball must be /ess than that in 
part (b) of Problem 36. Show this by supposing that the drag 
coefficient is k = 0.0025. [Hint: Slightly modify the DE in 

Problem 35.] 

Skydiving A skydiver weighs 125 pounds, and her parachute 

and equipment combined weigh another 35 pounds. After 

exiting from a plane at an altitude of 15,000 feet, she waits 

15 seconds and opens her parachute. Assume the constant of 

proportionality in the model in Problem 35 has the value 

k = 0.5 during free fall and k = 10 after the parachute is 

opened. Assume that her initial velocity on leaving the plane 

is zero. What is her velocity and how far has she traveled 

20 seconds after leaving the plane? How does her velocity at 

20 seconds compare with her terminal velocity? How long 

does it take her to reach the ground? [Hint: Think in terms of 

two distinct IVPs.] 

Evaporating Raindrop As araindrop falls, it evaporates while 

retaining its spherical shape. If we make the further assump- 

tions that the rate at which the raindrop evaporates is propor- 
tional to its surface area and that air resistance is negligible, 
then a model for the velocity v(7) of the raindrop is 


dv 3(k/p) 
a v 
dt (k/p)t + 1 
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40. 


41. 


42. 


43. 


44. 


Here p is the density of water, rp is the radius of the raindrop 

at t = 0, k < 0 is the constant of proportionality, and the 

downward direction is taken to be the positive direction. 

(a) Solve for v(¢) if the raindrop falls from rest. 

(b) Reread Problem 36 of Exercises 1.3 and then show that 
the radius of the raindrop at time tis r(t) = (k/p)t + ro. 

(c) Ifr) = 0.01 ft and r = 0.007 ft 10 seconds after the rain- 
drop falls from a cloud, determine the time at which the 
raindrop has evaporated completely. 


Fluctuating Population The differential equation dP/dt = 
(k cos t)P, where k is a positive constant, is a mathematical 
model for a population P(t) that undergoes yearly seasonal 
fluctuations. Solve the equation subject to P(O) = Po. Use a 
graphing utility to obtain the graph of the solution for differ- 
ent choices of Po. 


PopulationModel In one model of the changing population 
P(t) of acommunity, it is assumed that 


dP _ dB aD 
dt dt dt’ 
where dB/dt and dD/dt are the birth and death rates, 


respectively. 

(a) Solve for P(t) if dB/dt = k,P and dD/dt = k,P. 

(b) Analyze the cases k,; > ky, k, = ky, and k, < ky. 

Memorization When forgetfulness is taken into account, the 

rate of memorization of a subject is given by 

dA 
— = k(M — A) — kA, 
dt 

where k, > 0, k, > 0, A(f) is the amount to be memorized in 

time t, M is the total amount to be memorized, and M — A is 

the amount remaining to be memorized. See Problems 25 and 

26 in Exercises 1.3. 

(a) Since the DE is autonomous, use the phase portrait con- 
cept of Section 2.1 to find the limiting value of A(f) as 
t — oo. Interpret the result. 

(b) Solve for A(t) subject to A(O) = 0. Sketch the graph of 
A(t) and verify your prediction in part (a). 

Drug Dissemination A mathematical model for the rate at 

which a drug disseminates into the bloodstream is given by 

dx/dt = r — kx, where r and k are positive constants. The 
function x(t) describes the concentration of the drug in the 
bloodstream at time ¢. 

(a) Since the DE is autonomous, use the phase portrait con- 
cept of Section 2.1 to find the limiting value of x(f) as 
tro. 

(b) Solve the DE subject to x(0) = 0. Sketch the graph of x(f) 
and verify your prediction in part (a). At what time is the 
concentration one-half this limiting value? 

Rocket Motion Suppose a small single-stage rocket of total 

mass m(f) is launched vertically and that the rocket consumes 

its fuel at a constant rate. If the positive direction is upward 
and if we take air resistance to be linear, then a differential 
equation for its velocity v(7) is given by 


dv k-xX R 
+ v gt ‘ 
dt Mo — At My — At 


45. 


where k is the drag coefficient, A is the rate at which fuel is 

consumed, R is the thrust of the rocket, mp is the total mass of 

the rocket at ¢ = 0, and g is the acceleration due to gravity. 

See Problem 21 in Exercises 1.3. 

(a) Find the velocity v(t) of the rocket if my) = 200 kg, 
R = 2000N, A = 1 kg/s, g = 9.8 m/s’, k = 3 kg/s, and 
v(O) = 0. 

(b) Use ds/dt = v and the result in part (a) to find the height 
s(t) of the rocket at time f. 

Rocket Motion—Continued In Problem 44, suppose that of 

the rocket’s initial mass mg, 50 kg is the mass of the fuel. 

(a) What is the burnout time ¢,, or the time at which all the 
fuel is consumed? See Problem 22 in Exercises 1.3. 

(b) What is the velocity of the rocket at burnout? 

(c) What is the height of the rocket at burnout? 

(d) Why would you expect the rocket to attain an altitude 
higher than the number in part (b)? 

(e) After burnout what is a mathematical model for the veloc- 
ity of the rocket? 


a 


Discussion Problems 


46. 


47. 


Cooling and Warming A small metal bar is removed from 
an oven whose temperature is a constant 300°F into a room 
whose temperature is a constant 70°F. Simultaneously, an 
identical metal bar is removed from the room and placed into 
the oven. Assume that time fis measured in minutes. Discuss: 
Why is there a future value of time, call it r* > 0, at which 
the temperature of each bar is the same? 

HeartPacemaker A heart pacemaker, shown in FIGURE 2.7.10, 
consists of a switch, a battery, a capacitor, and the heart as 
a resistor. When the switch S is at P, the capacitor charges; 
when S is at Q, the capacitor discharges, sending an electri- 
cal stimulus to the heart. In Problem 53 in Exercises 2.3, we 
saw that during the time the electrical stimulus is being 
applied to the heart, the voltage E across the heart satisfies 
the linear DE 


(a) Let us assume that over the time interval of length ¢,, 
(0, t,), the switch S is at position P shown in Figure 2.7.10 
and the capacitor is being charged. When the switch is 
moved to position Q at time ¢, the capacitor discharges, 
sending an impulse to the heart over the time interval of 
length f,: [t,, t; + t,). Thus, over the initial charging/ 
discharging interval (0, t, + t,) the voltage to the heart is 
actually modeled by the piecewise-linear differential 
equation 

0, v=1<% 
ae), 
dt =k, 


1 St<4+ b. 
RC 1 1 2 


By moving S between P and Q, the charging and discharg- 
ing over time intervals of lengths ft, and tf, is repeated 
indefinitely. Suppose t; = 4s, tf = 2s, Ey = 12 V, and 
E(O) = 0, E(4) = 12, E(6) = 0, E10) = 12, E12) = 0, 
and so on. Solve for E(t) forO St S 24. 


(b) Suppose for the sake of illustration that R = C = 1. Use 
a graphing utility to graph the solution for the [VP in 
part (a) for0 =r = 24. 


heart 


switch 


FIGURE 2.7.10 Model of a pacemaker in Problem 47 


48. Sliding Box (a) A box of mass m slides down an inclined 


plane that makes an angle 6 with the horizontal as shown in 
FIGURE 2.7.11. Find a differential equation for the velocity v(t) 
of the box at time ¢ in each of the following three cases: 


(i) No sliding friction and no air resistance 
(ii) With sliding friction and no air resistance 
(iii) With sliding friction and air resistance 


In cases (ii) and (iii), use the fact that the force of friction 
opposing the motion of the box is uN, where p is the 
coefficient of sliding friction and N is the normal compo- 
nent of the weight of the box. In case (iii) assume that air 
resistance is proportional to the instantaneous velocity. 

(b) In part (a), suppose that the box weighs 96 pounds, that 
the angle of inclination of the plane is 6 = 30°, that the 
coefficient of sliding friction is u = V3/4, and that the 
additional retarding force due to air resistance is numer- 
ically equal to jv. Solve the differential equation in each 
of the three cases, assuming that the box starts from rest 
from the highest point 50 ft above ground. 


friction 


FIGURE 2.7.11 Box sliding down inclined plane in 
Problem 48 


Contributed Problem 


Pierre Gharghouri, Professor Emeritus 
Jean-Paul Pascal, Associate Professor 
Department of Mathematics 

Ryerson University, Toronto, Canada 


49. AirExchange A large room has a volume of 2000 m*. The 


air in this room contains 0.25% by volume of carbon dioxide 
(CO,). Starting at 9:00 a.m. fresh air containing 0.04% by 
volume of CO, is circulated into the room at the rate of 
400 m*/min. Assume that the stale air leaves the room at the 
same rate as the incoming fresh air and that the stale air and 
fresh air mix immediately in the room. See FIGURE 2.7.12. 
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(a) 


(b) 
(c) 


If v(t) denotes the volume of CO, in the room at time f, 
what is v(0)? Find v(a) for t > 0. What is the percentage 
of CO, in the air of the room at 9:05 A.M? 

When does the air in the room contain 0.06% by volume 
of CO,? 

What should be the flow rate of the incoming fresh air if 
it is required to reduce the level of CO, in the room to 
0.08% in 4 minutes? 


Fresh ai 


FIGURE 2.7.12 Air exchange in Problem 49 


Computer Lab Assignments 


50. Sliding Box—Continued 


84 


(a) In Problem 48, let s(t) be the 
distance measured down the inclined plane from the high- 
est point. Use ds/dt = v(t) and the solution for each of the 
three cases in part (b) of Problem 48 to find the time that 
it takes the box to slide completely down the inclined plane. 
A root-finding application of a CAS may be useful here. 


51. 


(b) 


(c) 


(d 


wa 


In the case in which there is friction (u # 0) but no 
air resistance, explain why the box will not slide down 
the plane starting from rest from the highest point 
above ground when the inclination angle 6 satisfies 
tand =u. 

The box will slide downward on the plane when tan 0 = u 
if it is given an initial velocity v(0) = vp > 0. Suppose 
that u = V3/4 and 6 = 23°. Verify that tan @ = yu. How 
far will the box slide down the plane if vg = 1 ft/s? 
Using the values u = V3/4 and 6 = 23°, approximate 
the smallest initial velocity vg that can be given to the 
box so that, starting at the highest point 50 ft above 
ground, it will slide completely down the inclined 
plane. Then find the corresponding time it takes to slide 
down the plane. 


WhatGoesUp (a) Itis well-known that the model in which 


(b) 


2.8| Nonlinear Models 


INTRODUCTION We finish our discussion of single first-order differential equations by 
examining some nonlinear mathematical models. 


air resistance is ignored, part (a) of Problem 36, predicts 
that the time f, it takes the cannonball to attain its maxi- 
mum height is the same as the time ¢, it takes the can- 
nonball to fall from the maximum height to the ground. 
Moreover, the magnitude of the impact velocity v; will be 
the same as the initial velocity vg of the cannonball. Verify 
both of these results. 

Then, using the model in Problem 37 that takes linear air 
resistance into account, compare the value of f, with t, 
and the value of the magnitude of v; with vo. A root-finding 
application of a CAS (or graphic calculator) may be 
useful here. 


Hi Population Dynamics If P(t) denotes the size of a population at time f, the model for 
exponential growth begins with the assumption that dP/dt = kP for some k > 0. In this model 
the relative, or specific, growth rate defined by 


dP/dt 


D (1) 


is assumed to be a constant k. True cases of exponential growth over long periods of time are 
hard to find, because the limited resources of the environment will at some time exert restrictions 
on the growth of a population. Thus (1) can be expected to decrease as P increases in size. 

The assumption that the rate at which a population grows (or declines) is dependent only on 
the number present and not on any time-dependent mechanisms such as seasonal phenomena 
(see Problem 33 in Exercises 1.3) can be stated as 


dP/dt _ dP 
Pp f(P) or ae Pf(P). (2) 


The differential equation in (2), which is widely assumed in models of animal populations, is 
called the density-dependent hypothesis. 


Il Logistic Equation Suppose an environment is capable of sustaining no more than a 
fixed number of K individuals in its population. The quantity K is called the carrying capacity 
of the environment. Hence, for the function fin (2) we have f(K) = 0, and we simply let (0) = r. 
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SP) 


FIGURE 2.8.1 Simplest assumption for 
f(P) is a straight line 


FIGURE 2.8.1 shows three functions f that satisfy these two conditions. The simplest assumption 
that we can make is that f(P) is linear—that is, f(P) = c,P + c>. If we use the conditions f(0) = r 
and f(K) = 0, we find, in turn, c, = r, c; = —1/K, and so f takes on the form f(P) = r — (7/K)P. 
Equation (2) becomes 


dP r 
oe — Pp). 3 
dt (: K ) 3) 
Relabeling constants a = r and b = r/K, the nonlinear equation (3) is the same as 
dP 
— = P(a — bP). 4 
r (a ) (4) 


Around 1840 the Belgian mathematician/biologist P. F. Verhulst (1804-1849) was concerned 
with mathematical models for predicting the human population of various countries. One of the 
equations he studied was (4), where a > 0, b > 0. Equation (4) came to be known as the logistic 
equation, and its solution is called the logistic function. The graph of a logistic function is called 
a logistic curve. 

The linear differential equation dP/dt = kP does not provide a very accurate model for popula- 
tion when the population itself is very large. Overcrowded conditions, with the resulting detri- 
mental effects on the environment, such as pollution and excessive and competitive demands for 
food and fuel, can have an inhibiting effect on population growth. As we shall now see, a solution 
of (4) that satisfies an initial condition P(O) = Po, where 0 < Py < a/b, is bounded as 
t— oo. If we rewrite (4) as dP/dt = aP — bP’, the nonlinear term —bP?, b > 0, can be interpreted 
as an “inhibition” or “competition” term. Also, in most applications, the positive constant a is 
much larger than the constant b. 

Logistic curves have proved to be quite accurate in predicting the growth patterns, in a limited 
space, of certain types of bacteria, protozoa, water fleas (Daphnia), and fruit flies (Drosophila). 


[| Solution of the Logistic Equation One method of solving (4) is by separation of 
variables. Decomposing the left side of dP/P(a — bP) = dt into partial fractions and integrat- 
ing gives 


é b/a 


+ ) a = at 
P a — bP 


1 1 
—InIP| — —Inla — bP|l =t+e 
a a 


| 
2 
® 


It follows from the last equation that 


t 
ace“ ac, 


P(t) = ; 
@ 1+ bee" be +e 


If P(O) = Po, Py # a/b, we find c; = Po/(a — bPo), and so, after substituting and simplifying, the 
solution becomes 
aPy 


BP, + (a — bPie~™ 


P(t) (5) 


I Graphs of P (t) The basic shape of the graph of the logistic function P(t) can be obtained 
without too much effort. Although the variable t usually represents time and we are seldom 
concerned with applications in which f < 0, it is nonetheless of some interest to include this 
interval when displaying the various graphs of P. From (5) we see that 

aPy 


P(t) oe >co and P(t) —>Oast—>-o. 
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a/2b 
t 

(a) 
i alb 
a/2b 

Po 

t 

(b) 
. alb 

P 
: al2b 


(c) 


FIGURE 2.8.2 Logistic curves for different 


initial conditions 


x= 1000 
Ft t 
5 10 

(a) 

t (days) x (number infected) 
4 50 (observed) 
=) 124 
6 276 
7 507 
8 735 
9 882 
10 953 


(b) 


FIGURE 2.8.3 Number of infected 
students in Example 1 


The dashed line P = a/2b shown in FIGURE 2.8.2 corresponds to the y-coordinate of a point of 
inflection of the logistic curve. To show this, we differentiate (4) by the Product Rule: 

ce = »(-») + (a - al = al — 2bP) 
dt? dt ‘i dt dt 


= P(a — bP)(a — 2bP) 


From calculus, recall that the points where d’P/dt’ = 0 are possible points of inflection, but 
P = 0 and P = a/b can obviously be ruled out. Hence P = a/2b is the only possible ordinate 
value at which the concavity of the graph can change. For 0 < P < a/2b it follows that P” > 0, 
and a/2b < P < a/b implies P” < 0. Thus, as we read from left to right, the graph changes from 
concave up to concave down at the point corresponding to P = a/2b. When the initial value 
satisfies 0 < Py < a/2b, the graph of P(t) assumes the shape of an S, as we see in Figure 2.8.2(b). 
For a/2b < Py < a/b the graph is still S-shaped, but the point of inflection occurs at a negative 
value of f, as shown in Figure 2.8.2(c). 

We have already seen equation (4) above in (5) of Section 1.3 in the form dx/dt = kx(n + 1 — x), 
k > 0. This differential equation provides a reasonable model for describing the spread of an 
epidemic brought about initially by introducing an infected individual into a static population. 
The solution x(t) represents the number of individuals infected with the disease at time ¢. 


| EXAMPLE1 | Logistic Growth 


Suppose a student carrying a flu virus returns to an isolated college campus of 1000 students. 
If it is assumed that the rate at which the virus spreads is proportional not only to the number x 
of infected students but also to the number of students not infected, determine the number of 
infected students after 6 days if it is further observed that after 4 days x(4) = 50. 


SOLUTION Assuming that no one leaves the campus throughout the duration of the disease, 
we must solve the initial-value problem 


a _ (1000 - ) (0) = 1 
a x), x(O) = 1. 


By making the identifications a = 1000k and b = k, we have immediately from (5) that 


_ 100k = 1000 
1 + 999¢~ 10008" 


k + 999ke~ 1000 
Now, using the information x(4) = 50, we determine k from 


1000 
1 + 999e 400%" 


We find —1000k = 1 In ¢2; = —0.9906. Thus 


50 


1000 
1+ 999e@ ~ 9.99061" 


1000 
1 + 999¢ 59436 


Additional calculated values of x(t) are given in the table in FIGURE 2.8.3(b). = 


x(t) = 


Finally, x(6) = = 276 students. 


[| Modifications of the Logistic Equation There are many variations of the logistic 
equation. For example, the differential equations 
dP dP 
a ee Or) ee and fe Or ee (6) 
could serve, in turn, as models for the population in a fishery where fish are harvested or are 
restocked at rate h. When h > 0 is a constant, the DEs in (6) can be readily analyzed qualitatively 
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or solved by separation of variables. The equations in (6) could also serve as models of a human 
population either increased by immigration or decreased by emigration. The rate / in (6) could 
be a function of time ¢ or may be population dependent; for example, harvesting might be done 
periodically over time or may be done at a rate proportional to the population P at time ¢. In the 
latter instance, the model would look like P’ = P(a — bP) — cP, c > 0. A human population of 
a community might change due to immigration in such a manner that the contribution due to im- 
migration is large when the population P of the community is itself small, but then the immigration 
contribution might be small when P is large; a reasonable model for the population of the com- 
munity is then P’ = P(a — bP) + ce, c > 0,k > 0. Another equation of the form given in (2), 

dP 

a P(a — binP), (7) 
is a modification of the logistic equation known as the Gompertz differential equation. This 
DE is sometimes used as a model in the study of the growth or decline of population, in the growth 
of solid tumors, and in certain kinds of actuarial predictions. See Problems 5-8 in Exercises 2.8. 


[| Chemical Reactions Suppose that a grams of chemical A are combined with b grams 
of chemical B. If there are M parts of A and N parts of B formed in the compound and X(f) is 
the number of grams of chemical C formed, then the numbers of grams of chemicals A and B 
remaining at any time are, respectively, 


a X and b- X. 
M+WN M+WN 
By the law of mass action, the rate of the reaction satisfies 
dX M N 
—«x (« - IG - x). (8) 
dt M+WN M+WN 


If we factor out M/(M + N) from the first factor and N/(M + N) from the second and introduce 
a constant k > 0 of proportionality, (8) has the form 


dX 
—, — Mat — XR — X), (9) 
dt 
where a = a(M + N)/M and B = b(M + N)I/N. Recall from (6) of Section 1.3 that a chemical 
reaction governed by the nonlinear differential equation (9) is said to be a second-order reaction. 


| EXAMPLE2 | Second-Order Chemical Reaction 


A compound C is formed when two chemicals A and B are combined. The resulting reaction 
between the two chemicals is such that for each gram of A, 4 grams of B are used. It is observed 
that 30 grams of the compound C are formed in 10 minutes. Determine the amount of C at 
time f if the rate of the reaction is proportional to the amounts of A and B remaining and if 
initially there are 50 grams of A and 32 grams of B. How much of the compound C is present 
at 15 minutes? Interpret the solution as t > oo. 


SOLUTION Let X(t) denote the number of grams of the compound C present at time ¢. Clearly 
X(0) = 0 g and X(10) = 30g. 

If, for example, 2 grams of compound C are present, we must have used, say, a grams of A 
and b grams of B so that a + b = 2 and b = 4a. Thus we must use a = } = 2(5) g of chemical 
A and b = § = 2(2) g of B. In general, for X grams of C we must use 


1 4 
re gramsofA and 5 X grams of B. 
The amounts of A and B remaining at any time are then 
1 4 
50-——X and 32—-—X, 
5 eS) 


respectively. 
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t + + t— t 
10 20 30 40 


(a) 
t (min) X (g) 
10 30 (measured) 
15 34.78 
20 37.25 
25 38.54 
30 39.22 
35 39.59 


(b) 


FIGURE 2.8.4 Amount of compound C 
in Example 2 


Now we know that the rate at which compound C is formed satisfies 


(59 -13)(20- 42) 
oe 5 5°) 


To simplify the subsequent algebra, we factor + from the first term and 3 from the second and 
then introduce the constant of proportionality: 
dx 
— = k(250 — X)(40 — X). 
dt 
By separation of variables and partial fractions we can write 


ae =e 
10 210 


2 
xX + IX = kdt. 
250 — X ‘ 40 — rae 
Integrating gives 
250 — X 250 — X 
In ey = 210kt +c, or 40 XxX = ee. (10) 


When t = 0, X = 0, so it follows at this point that c, = 3. Using X = 30 g at t = 10, we find 
210k = 7p In $8 = 0.1258. With this information we solve the last equation in (10) for X: 


—0.1258r 


1 — 

X(t) = 1000 25 — de 0.1258" (11) 

The behavior of X as a function of time is displayed in FIGURE 2.8.4. It is clear from the 

accompanying table and (11) that X + 40 as t— oo. This means that 40 grams of compound 
C are formed, leaving 


1 4 
50 — 5 40) =42gofA and 32-— 5 (40) = Og of B. 


REMARKS 


d 
The indefinite integral [5 can be evaluated in terms of logarithms, the inverse hyperbolic 
OG = ip 


tangent, or the inverse hyperbolic cotangent. For example, of the two results, 


du 


— 2 


1 u 
= —tanh '— + ¢, lul<a (12) 
a a 


du il |@ =F w 
= In 


+c, lul#a (13) 
ay 


(12) may be convenient for Problems 17 and 26 in Exercises 2.8, whereas (13) may be prefer- 
able in Problem 27. 


| 2.8 Exercises Answers to selected odd-numbered problems begin on page ANS-3. 


Logistic Equation 


(a) Use the phase portrait concept of Section 2.1 to predict 


1. The number MZ) of supermarkets throughout the country that 
are using a computerized checkout system is described by the 


initial-value problem 


88 


dN 


— = M1 — 0.0005"), MO) = 1. 


dt 


how many supermarkets are expected to adopt the new 
procedure over a long period of time. By hand, sketch a 
solution curve of the given initial-value problem. 

(b) Solve the initial-value problem and then use a graphing 
utility to verify the solution curve in part (a). How many 
companies are expected to adopt the new technology 
when t = 10? 
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2. The number M(t) of people in a community who are exposed 


to a particular advertisement is governed by the logistic equa- 
tion. Initially N(O) = 500, and it is observed that M(1) = 1000. 
Solve for M(t) if it is predicted that the limiting number of 
people in the community who will see the advertisement is 
50,000. 

. A model for the population P(t) in a suburb of a large city is 
given by the initial-value problem 

dP 


—-= P10" = 10 “PY, 


P(O) = 
a (0) = 5000, 


where f is measured in months. What is the limiting value of 
the population? At what time will the population be equal to 
one-half of this limiting value? 


4. (a) Census data for the United States between 1790 and 1950 


is given in the following table. Construct a logistic popu- 
lation model using the data from 1790, 1850, and 1910. 


Year Population (in millions) 
1790 3.929 
1800 5.308 
1810 7.240 
1820 9.638 
1830 12.866 
1840 17.069 
1850 23.192 
1860 31.433 
1870 38.558 
1880 50.156 
1890 62.948 
1900 75.996 
1910 91.972 
1920 105.711 
1930 122.775 
1940 131.669 
1950 150.697 


(b) Construct a table comparing actual census population with 
the population predicted by the model in part (a). Compute 
the error and the percentage error for each entry pair. 


Modifications of the Logistic Equation 


5. (a) Ifaconstant number h of fish are harvested from a fishery 


per unit time, then a model for the population P(4) of the 
fishery at time f is given by 
dP 


— = P(a — bP) — fh, 


P(O) = P,, 
it (0) = Po 


where a, b, h, and Po are positive constants. Suppose 
a=5,b = 1, and h = 4. Since the DE is autonomous, 
use the phase portrait concept of Section 2.1 to sketch 
representative solution curves corresponding to the 
cases Py > 4, 1 < Py < 4, and 0 < Py < 1. Determine 
the long-term behavior of the population in each case. 

(b) Solve the IVP in part (a). Verify the results of your phase 
portrait in part (a) by using a graphing utility to plot the 
graph of P(f) with an initial condition taken from each of 
the three intervals given. 


(c) Use the information in parts (a) and (b) to determine 
whether the fishery population becomes extinct in finite 
time. If so, find that time. 


. Investigate the harvesting model in Problem 5 both qualita- 


tively and analytically in the case a = 5,b = 1,h = 3. 
Determine whether the population becomes extinct in finite 
time. If so, find that time. 


. Repeat Problem 6 in the casea = 5,b=1,h =7. 
. (a) Suppose a = b = | in the Gompertz differential equation 


(7). Since the DE is autonomous, use the phase portrait 
concept of Section 2.1 to sketch representative solution 
curves corresponding to the cases Py > e and0 < Py <e. 

(b) Suppose a = 1, b = —1 in (7). Use a new phase portrait 
to sketch representative solution curves corresponding to 
the cases Py > e! and 0 < Py < et. 


. Find an explicit solution of equation (7) subject to P(O) = Pp. 
10. 


The Allee Effect For an initial population Py, where Py > K 
the logistic population model (3) predicts that population can- 
not sustain itself over time so it decreases but yet never falls 
below the carrying capacity K of the ecosystem. Moreover, 
for 0 < Py < K, the same model predicts that, regardless of 
how small P, is, the population increases over time and 
does not surpass the carrying capacity K. See Figure 2.8.2, 
where a/b = K. But the American ecologist Warder Clyde 
Allee (1885-1955) showed that by depleting certain fisheries 
beyond a certain level, the fishery population never recovers. 
How would you modify the differential equation (3) to describe 
a population P that has these same two characteristics of (3) 
but additionally has a threshold level A, 0 < A < K, below 
which the population cannot sustain itself and becomes extinct. 
[Hint: Construct a phase portrait of what you want and then 
form a DE. ] 


Chemical Reactions 


11. 


12. 


Two chemicals A and B are combined to form a chemical C. The 
rate, or velocity, of the reaction is proportional to the product 
of the instantaneous amounts of A and B not converted to chem- 
ical C. Initially there are 40 grams of A and 50 grams of B, and 
for each gram of B, 2 grams of A are used. It is observed that 
10 grams of C are formed in 5 minutes. How much is formed in 
20 minutes? What is the limiting amount of C after a long time? 
How much of chemicals A and B remains after a long time? 


Solve Problem 11 if 100 grams of chemical A are present 
initially. At what time is chemical C half-formed? 


Additional Nonlinear Models 


13. 


Leaking Cylindrical Tank A tank in the form of a right- 
circular cylinder standing on end is leaking water through a 
circular hole in its bottom. As we saw in (10) of Section 1.3, 
when friction and contraction of water at the hole are ignored, 
the height 4 of water in the tank is described by 

dh Ap 

— = ——V 2gh, 

dt Ay 
where A,, and A,, are the cross-sectional areas of the water and 
the hole, respectively. 
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(a) Solve for h(A) if the initial height of the water is H. By hand, 
sketch the graph of h(f) and give its interval J of definition 
in terms of the symbols A,,, A, and H. Use g = 32 ft/s”. 

(b) Suppose the tank is 10 ft high and has radius 2 ft and the 
circular hole has radius 5 in. If the tank is initially full, 
how long will it take to empty? 

14. Leaking Cylindrical Tank—Continued When friction and 
contraction of the water at the hole are taken into account, the 
model in Problem 13 becomes 

dh A), 

— = =¢-—V 2eh, 

dt A;, 
where 0 < c < 1. How long will it take the tank in Problem 13(b) 
to empty if c = 0.6? See Problem 13 in Exercises 1.3. 


15. Leaking Conical Tank A tank in the form of a right-circular 
cone standing on end, vertex down, is leaking water through 

a circular hole in its bottom. 

(a) Suppose the tank is 20 feet high and has radius 8 feet and 
the circular hole has radius 2 inches. In Problem 14 in 
Exercises 1.3 you were asked to show that the differential 
equation governing the height / of water leaking from a 
tank is 


Oe 
dt 6h3/2 


In this model, friction and contraction of the water at the 
hole were taken into account with c = 0.6, and g was 
taken to be 32 ft/s*. See Figure 1.3.13. If the tank is ini- 
tially full, how long will it take the tank to empty? 
Suppose the tank has a vertex angle of 60°, and the cir- 
cular hole has radius 2 inches. Determine the differential 
equation governing the height h of water. Use c = 0.6 
and g = 32 ft/s’. If the height of the water is initially 
9 feet, how long will it take the tank to empty? 


16. Inverted Conical Tank Suppose that the conical tank in 
Problem 15(a) is inverted, as shown in FIGURE 2.8.5, and that 
water leaks out a circular hole of radius 2 inches in the center 
of the circular base. Is the time it takes to empty a full tank the 
same as for the tank with vertex down in Problem 15? Take the 
friction/contraction coefficient to be c = 0.6 and g = 32 ft/s”. 


(b 


a 


FIGURE 2.8.5 Inverted conical tank in Problem 16 


17. AirResistance A differential equation governing the veloc- 
ity v of a falling mass m subjected to air resistance proportional 
to the square of the instantaneous velocity is 

dv 


ee ee _ kv’, 
m dt mg 
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where k > 0 is the drag coefficient. The positive direction is 

downward. 

(a) Solve this equation subject to the initial condition 
v(O) = vo. 

(b) Use the solution in part (a) to determine the limiting, or 
terminal, velocity of the mass. We saw how to determine 
the terminal velocity without solving the DE in Problem 41 
in Exercises 2.1. 

(c) If distance s, measured from the point where the mass 
was released above ground, is related to velocity v by 
ds/dt = v(t), find an explicit expression for s(2) if s(0) = 0. 

18. How High?—Nonlinear Air Resistance Consider the 

16-pound cannonball shot vertically upward in Problems 36 

and 37 in Exercises 2.7 with an initial velocity vy = 300 ft/s. 

Determine the maximum height attained by the cannonball if 

air resistance is assumed to be proportional to the square of 

the instantaneous velocity. Assume the positive direction is 
upward and take the drag coefficient to be k = 0.0003. [Hint: 

Slightly modify the DE in Problem 17.] 


19. That SinkingFeeling (a) Determine a differential equation 
for the velocity v(t) of a mass m sinking in water that 
imparts a resistance proportional to the square of the in- 
stantaneous velocity and also exerts an upward buoyant 
force whose magnitude is given by Archimedes’ principle. 
See Problem 18 in Exercises 1.3. Assume that the positive 
direction is downward. 

(b) Solve the differential equation in part (a). 
(c) Determine the limiting, or terminal, velocity of the 
sinking mass. 

20. Solar Collector The differential equation 

iy ee Vey 
dx y 


describes the shape of a plane curve C that will reflect all 

incoming light beams to the same point and could be a model 

for the mirror of a reflecting telescope, a satellite antenna, or 

a solar collector. See Problem 29 in Exercises 1.3. There are 

several ways of solving this DE. 

(a) Verify that the differential equation is homogeneous (see 
Section 2.5). Show that the substitution y = ux yields 


udu dx 


Vitwd-Vitw) * 
Use a CAS (or another judicious substitution) to integrate 
the left-hand side of the equation. Show that the curve C 
must be a parabola with focus at the origin and is sym- 
metric with respect to the x-axis. 
(b) Show that the first differential equation can also be solved 
by means of the substitution u = x* + y’. 


21. Tsunami (a) A simple model for the shape of a tsunami is 
given by 


d 
WW _ wea aw. 


dx 


where W(x) > 0 is the height of the wave expressed as a 
function of its position relative to a point offshore. By 
inspection, find all constant solutions of the DE. 


22. 


(b) Solve the differential equation in part (a). A CAS may be 
useful for integration. 

(c) Usea graphing utility to obtain the graphs of all solutions 
that satisfy the initial condition W(O) = 2. 


Evaporation An outdoor decorative pond in the shape of a 
hemispherical tank is to be filled with water pumped into the 
tank through an inlet in its bottom. Suppose that the radius 
of the tank is R = 10 ft, that water is pumped in at a rate of 
ar ft?/min, and that the tank is initially empty. See FIGURE 2.8.6. 
As the tank fills, it loses water through evaporation. Assume 
that the rate of evaporation is proportional to the area A of the 
surface of the water and that the constant of proportionality 
isk = 0.01. 

(a) The rate of change dV/dt of the volume of the water at 
time fis a net rate. Use this net rate to determine a differen- 
tial equation for the height / of the water at time ¢. The vol- 
ume of the water shown in the figure is V = Rh? — 37h’, 
where R = 10. Express the area of the surface of the water 
A =r in terms of h. 

(b) Solve the differential equation in part (a). Graph the 
solution. 

(c) If there were no evaporation, how long would it take the 
tank to fill? 

(d) With evaporation, what is the depth of the water at the 
time found in part (c)? Will the tank ever be filled? Prove 
your assertion. 


Output: water evaporates 


at rate proportional 
to area A of surface 


<_ 
Input: water pumped in 
at rate of 7ft?/min 


(a) Hemispherical tank (b) Cross section of tank 


FIGURE 2.8.6 Pond in Problem 22 


23. 


SawingWood A long uniform piece of wood (cross sections 
are the same) is cut through perpendicular to its length by a 
vertical saw blade. See FIGURE 2.8.7. If the friction between the 
sides of the saw blade and the wood through which the blade 
passes is ignored, then it can be assumed that the rate at which 
the saw blade moves through the piece of wood is inversely 
proportional to the width of the wood in contact with its cut- 
ting edge. As the blade advances through the wood (moving 
left to right), the width of a cross section changes as a non- 
negative continuous function w. If across section of the wood 
is described as a region in the xy-plane defined over an in- 
terval [a, b], then as shown in Figure 2.8.7(c) the position x 
of the saw blade is a function of time rf and the vertical cut 
made by the blade can be represented by a vertical line seg- 
ment. The length of this vertical line is the width w(x) of the 
wood at that point. Thus the position x(7) of the saw blade 


and the rate dx/dt at which it moves to the right are related 
to w(x) by 


won =k, x0) =a. (14) 


Here k represents the number of square units of the material 
removed by the saw blade per unit time. In the problems that 
follow, we assume that the saw can be programmed so that 
k = 1. Find an explicit solution x(¢) of the initial-value prob- 
lem (14) when a cross section of the piece of wood is trian- 
gular and is bounded by the graphs ofy = x, x = 1, andy = 0. 
How long does it take the saw to cut through this piece 
of wood? 


Width 


| Cutting edge 
is vertical Cut is made perpendicular to length 
(a) (b) 
Cutting edge of 
y ve saw blade moving 


left to right 


Cross section 


a x—> b 


(c) 
FIGURE 2.8.7 Sawing a log in Problem 23 


24. (a) Find an implicit solution of the initial-value problem (14) 


in Problem 23 when the piece of wood is a circular log. 
Assume a cross section is a circle of radius 2 centered at 
(0, 0). [Hint: To save time, see formula 33 in the table of 
integrals given on the right page inside the front cover.] 

(b) Solve the implicit solution obtained in part (b) for time ¢ 
as a function of x. Graph the function 7(x). With the aid 
of the graph, approximate the time that it takes the saw 
to cut through this piece of wood. Then find the exact 
value of this time. 


25. Solve the initial-value problem (14) in Problem 23 when a 


cross section of a uniform piece of wood is the triangular 
region given in FIGURE 2.8.8. Assume again that k = 1. How 
long does it take to cut through this piece of wood? 


\2 
FIGURE 2.8.8 Triangular cross section in Problem 25 
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Computer Lab Assignments 


26. Regression Line 


27. Immigration Model 


Read the documentation for your CAS on 
scatter plots (or scatter diagrams) and least-squares linear fit. 
The straight line that best fits a set of data points is called a 
regression line or a least squares line. Your task is to construct 
a logistic model for the population of the United States, defin- 
ing f(P) in (2) as an equation of a regression line based on the 
population data in the table in Problem 4. One way of 


1 dP 
doing this is to approximate the left-hand side poe of the first 
equation in (2) using the forward difference quotient in place 
of dP/dt: 
1 Ptt+h)—- Po 
P(t) h 


Olt) = 


(a) Make a table of the values ft, P(t), and Q(f) using t = 0, 
10, 20,..., 160, and h = 10. For example, the first line 
of the table should contain t = 0, P(O), and Q(0). With 
P(O) = 3.929 and P(10) = 5.308, 


1 P10) — PO) 
P(O) 10 


Q(0) = = 0.035. 


Note that Q(160) depends on the 1960 census population 

P(170). Look up this value. 

Use a CAS to obtain a scatter plot of the data (P(4), O() 

computed in part (a). Also use a CAS to find an equation 

of the regression line and to superimpose its graph on the 
scatter plot. 

(c) Construct a logistic model dP/dt = Pf(P), where f(P) is 

the equation of the regression line found in part (b). 

Solve the model in part (c) using the initial condition 

P(O) = 3.929. 

(e) Use a CAS to obtain another scatter plot, this time of the 
ordered pairs (t, P(‘)) from your table in part (a). Use your 
CAS to superimpose the graph of the solution in part (d) 
on the scatter plot. 

(f) Look up the U.S. census data for 1970, 1980, and 1990. 
What population does the logistic model in part (c) predict 
for these years? What does the model predict for the U.S. 
population P(t) as t—> co? 


(b 


~ 


(d 


a 


(a) In Examples 3 and 4 of Section 2.1, 
we saw that any solution P(f) of (4) possesses the asymp- 
totic behavior P(t) > a/b as t—> oo for Py > a/b and for 
0 < Py) < a/b; as aconsequence, the equilibrium solution 
P = a/bis called an attractor. Use a root-finding applica- 
tion of a CAS (or a graphic calculator) to approximate 
the equilibrium solution of the immigration model 


dP 
— = P(1 — P) + 03e”. 
dt ( ) 7 


(b 


~— 


Use a graphing utility to graph the function F(P) = 
P(1 — P) + 0.3e~. Explain how this graph can be used 
to determine whether the number found in part (a) is 
an attractor. 
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28. 


29. 


30. 


(c) Use a numerical solver to compare the solution curves 
for the [VPs 


dP 
— = P(l — P), 
dt ( ) 


P(O) = Po 
for Py = 0.2 and Py = 1.2 with the solution curves for 
the IVPs 


dP 
— = P(l — P) + 0.3e ”, 


PO) = P 
a (0) = Po 


for Py = 0.2 and Pp = 1.2. Superimpose all curves on the 
same coordinate axes but, if possible, use a different color 
for the curves of the second initial-value problem. Over 
a long period of time, what percentage increase does the 
immigration model predict in the population compared 
to the logistic model? 


What Goes Up.... In Problem 18 let t, be the time it takes 
the cannonball to attain its maximum height and let t, be 
the time it takes the cannonball to fall from the maximum 
height to the ground. Compare the value of f, with the value 
of t; and compare the magnitude of the impact velocity v; 
with the initial velocity vy. See Problem 51 in Exercises 2.7. 
A root-finding application of a CAS may be useful here. 
[Hint: Use the model in Problem 17 when the cannonball 
is falling. ] 


Skydiving A skydiver is equipped with a stopwatch and an 

altimeter. She opens her parachute 25 seconds after exiting 

a plane flying at an altitude of 20,000 ft and observes that her 

altitude is 14,800 ft. Assume that air resistance is proportional 

to the square of the instantaneous velocity, her initial veloc- 
ity upon leaving the plane is zero, and g = 32 ft/s’. 

(a) Find the distance s(t), measured from the plane, that the 
skydiver has traveled during free fall in time ¢. [Hint: The 
constant of proportionality k in the model given in 
Problem 17 is not specified. Use the expression for ter- 
minal velocity v, obtained in part (b) of Problem 17 to 
eliminate & from the IVP. Then eventually solve for v,.] 

(b) How far does the skydiver fall and what is her velocity at 
t= 15s? 


Hitting Bottom A helicopter hovers 500 feet above a large 
open tank full of liquid (not water). A dense compact object 
weighing 160 pounds is dropped (released from rest) from the 
helicopter into the liquid. Assume that air resistance is propor- 
tional to instantaneous velocity v while the object is in the air 
and that viscous damping is proportional to v’ after the object 
has entered the liquid. For air, take k = b and for the liquid, 
k = 0.1. Assume that the positive direction is downward. If 
the tank is 75 feet high, determine the time and the impact 
velocity when the object hits the bottom of the tank. [Hint: 
Think in terms of two distinct IVPs. If you use (13), be careful 
in removing the absolute value sign. You might compare the 
velocity when the object hits the liquid—the initial velocity 
for the second problem—with the terminal velocity v, of the 
object falling through the liquid. ] 


2.9| Modeling with Systems of First-Order DEs 


INTRODUCTION In this section we are going to discuss mathematical models based on 
some of the topics that we have already discussed in the preceding two sections. This section 
will be similar to Section 1.3 in that we are only going to discuss systems of first-order dif- 
ferential equations as mathematical models and we are not going to solve any of these models. 
There are two good reasons for not solving systems at this point: First, we do not as yet possess 
the necessary mathematical tools for solving systems, and second, some of the systems that we 
discuss cannot be solved analytically. We shall examine solution methods for systems of linear 
first-order DEs in Chapter 10 and for systems of linear higher-order DEs in Chapters 3 and 4. 


il Systems Up to now all the mathematical models that we have considered were single 
differential equations. A single differential equation could describe a single population in an 
environment; but if there are, say, two interacting and perhaps competing species living in the 
same environment (for example, rabbits and foxes), then a model for their populations x(t) and 
y(t) might be a system of two first-order differential equations such as 


dx 

dt = g(t, x, y) 

dy ” 
—= 2 f, ? , 

A ee 


When g, and g, are linear in the variables x and y; that is, 
gitxy=extoytf(@ and g(t,x,y)=cextayt+ fo, 


then (1) is said to be a linear system. A system of differential equations that is not linear is said 
to be nonlinear. 


il Radioactive Series In the discussion of radioactive decay in Sections 1.3 and 2.7, we 
assumed that the rate of decay was proportional to the number A(¢) of nuclei of the substance 
present at time ¢. When a substance decays by radioactivity, it usually doesn’t just transmute into 
one stable substance and then the process stops. Rather, the first substance decays into another 
radioactive substance, this substance in turn decays into yet a third substance, and so on. This 
process, called a radioactive decay series, continues until a stable element is reached. For ex- 
ample, the uranium decay series is U-238 — Th-234 > - - -— Pb-206, where Pb-206 is a stable 
isotope of lead. The half-lives of the various elements in a radioactive series can range from 
billions of years (4.5 X 10° years for U-238) to a fraction of a second. Suppose a radioactive 
series is described schematically by X — Y sy Z, where k, = —A,; <Oandk, = —A, <0 
are the decay constants for substances X and Y, respectively, and Z is a stable element. Suppose 
too, that x(t), y(), and z(t) denote amounts of substances X, Y, and Z, respectively, remaining at 
time t. The decay of element X is described by 


whereas the rate at which the second element Y decays is the net rate, 


dy 
—_— =A\x — doy, 
dt 1x 2y 


since it is gaining atoms from the decay of X and at the same time /osing atoms due to its own 
decay. Since Z is a stable element, it is simply gaining atoms from the decay of element Y: 


dz 
—= py. 
dt 2 
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In other words, a model of the radioactive decay series for three elements is the linear system of 
three first-order differential equations 


dx 
= = —A\x 
dt 
dy 
—=he =X 2 
dt 1x ay (2) 
dz 
a =, v5 - 
dt - 
pure water mixture Hl Mixtures Consider the two tanks shown in FIGURE 2.9.1. Let us suppose for the sake of 


3 gal/min 1 gal/min 


discussion that tank A contains 50 gallons of water in which 25 pounds of salt is dissolved. 
Suppose tank B contains 50 gallons of pure water. Liquid is pumped in and out of the tanks as 
indicated in the figure; the mixture exchanged between the two tanks and the liquid pumped out 
of tank B is assumed to be well stirred. We wish to construct a mathematical model that describes 
the number of pounds x,(f) and x,(f) of salt in tanks A and B, respectively, at time f. 

By an analysis similar to that on page 22 in Section 1.3 and Example 5 of Section 2.7, we see 


pera beens for tank A that the net rate of change of x,(f) is 
we input rate of salt output rate of salt 
FIGURE 2.9.1 Connected mixing tanks r A ~ 2 A ‘ 
dx, : . x2 . x] 
— = (3 gal/min) - (0 lb/gal) + (1 gal/min) « | —1b/gal } — (4 gal/min) - {| — Ib/gal 
dt 50 50 
2 1 
xy + >. 
25 50 


dx xy Xp X 2 2 


dt 50 50 50. 25 


dx, 7 2 Ps 1 
dt a6 5g e 
dx 2 2 
=X, Xp. 
dt 25 25 


Observe that the foregoing system is accompanied by the initial conditions x,(0) = 25, x,(0) = 0. 


[| A Predator- Prey Model Suppose that two different species of animals interact within 
the same environment or ecosystem, and suppose further that the first species eats only vegetation 
and the second eats only the first species. In other words, one species is a predator and the other 
is a prey. For example, wolves hunt grass-eating caribou, sharks devour little fish, and the snowy 
owl pursues an arctic rodent called the lemming. For the sake of discussion, let us imagine that 
the predators are foxes and the prey are rabbits. 

Let x(f) and y(t) denote, respectively, the fox and rabbit populations at time ¢. If there were no 
rabbits, then one might expect that the foxes, lacking an adequate food supply, would decline in 
number according to 


al = -ax, a>O. (4) 

dt 
When rabbits are present in the environment, however, it seems reasonable that the number of 
encounters or interactions between these two species per unit time is jointly proportional to their 
populations x and y; that is, proportional to the product xy. Thus when rabbits are present there 
is a supply of food, and so foxes are added to the system at a rate bxy, b > 0. Adding this last 
rate to (4) gives a model for the fox population: 

dx 


ae = —ax + bxy. (5) 
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predators 


population 


FIGURE 2.9.2 Population of predators 
(red) and prey (blue) appear to be 
periodic in Example | 


On the other hand, were there no foxes, then the rabbits would, with an added assumption of un- 

limited food supply, grow at a rate that is proportional to the number of rabbits present at time f: 
dy 

—=dy, d>0. 6 

Pree, (6) 

But when foxes are present, a model for the rabbit population is (6) decreased by cxy, c > 0; that 

is, decreased by the rate at which the rabbits are eaten during their encounters with the foxes: 


d 
a = dy — cxy. (7) 
Equations (5) and (7) constitute a system of nonlinear differential equations 
d. 
o = -ax + bxy = x(—a + by) 
dt 
d (8) 
© = dy — exy = yd - cx) 
ae y— cxy=y > 


where a, b, c, and d are positive constants. This famous system of equations is known as the 
Lotka—Volterra predator-prey model. 

Except for two constant solutions, x(t) = 0, y(t) = 0 and x(t) = d/c, y(t) = a/b, the nonlinear 
system (8) cannot be solved in terms of elementary functions. However, we can analyze such 
systems quantitatively and qualitatively. See Chapters 6 and 11. 


| EXAMPLE1 — | Predator—Prey Model 


Suppose 
ai = —0.16x + 0.08xy 
dt 
as = 4.5y — 0.9xy 
dt : 


represents a predator-prey model. Since we are dealing with populations, we have x(f) = 0, 
y(t) = O. FIGURE 2.9.2, obtained with the aid of a numerical solver, shows typical population 
curves of the predators and prey for this model superimposed on the same coordinate axes. The 
initial conditions used were x(0) = 4, y(0) = 4. The curve in red represents the population x(t) 
of the predator (foxes), and the blue curve is the population y(t) of the prey (rabbits). Observe 
that the model seems to predict that both populations x(7) and y(¢) are periodic in time. This 
makes intuitive sense since, as the number of prey decreases, the predator population eventually 
decreases because of a diminished food supply; but attendant to a decrease in the number of 
predators is an increase in the number of prey; this in turn gives rise to an increased number of 
predators, which ultimately brings about another decrease in the number of prey. = 


I Competition Models Now suppose two different species of animals occupy the same 
ecosystem, not as predator and prey but rather as competitors for the same resources (such as 
food and living space) in the system. In the absence of the other, let us assume that the rate at 
which each population grows is given by 


d. dy 
- = ax and a = cy, (9) 
respectively. 

Since the two species compete, another assumption might be that each of these rates is dimin- 
ished simply by the influence, or existence, of the other population. Thus a model for the two 
populations is given by the linear system 


d. 
. = ax — by 
(10) 
ay = =a 
a = 


where a, b, c, and d are positive constants. 
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Ay By Cy 


FIGURE 2.9.3 Network whose model is 
given in (17) 


FIGURE 2.9.4 Network whose model is 
given in (18) 


On the other hand, we might assume, as we did in (5), that each growth rate in (9) should be 
reduced by a rate proportional to the number of interactions between the two species: 


d. 
= = ax — bxy 
(11) 
vo, 
7  — Y. 


Inspection shows that this nonlinear system is similar to the Lotka—Volterra predator-prey model. 
Last, it might be more realistic to replace the rates in (9), which indicate that the population of 
each species in isolation grows exponentially, with rates indicating that each population grows 
logistically (that is, over a long time the population is bounded): 


dx dy 

—=ax—b x? and — = ay — by’. (12) 
dt 1 1 dt 2y oy. 

When these new rates are decreased by rates proportional to the number of interactions, we 
obtain another nonlinear model 


dx 5 

a = a,x — Dix” — cyxy = x(a, — bx — cy) 

& (13) 
a boy? — coxy = ya, — boy — Ox), 


where all coefficients are positive. The linear system (10) and the nonlinear systems (11) and 
(13) are, of course, called competition models. 


| Networks Anelectrical network having more than one loop also gives rise to simultaneous 
differential equations. As shown in FIGURE 2.9.3, the current 7,(f) splits in the directions shown at 
point B,, called a branch point of the network. By Kirchhoff’s first law we can write 


i) = L(t) + i(0). (14) 


In addition, we can also apply Kirchhoff’s second law to each loop. For loop A,B,B,A,A,, sum- 
ming the voltage drops across each part of the loop gives 


A 
E(@) = 4R, + L, = + ER. (15) 


Similarly, for loop A;B,C,;C,B,A,A, we find 


e 
E@) = iP, + in (16) 


Using (14) to eliminate 7, in (15) and (16) yields two linear first-order equations for the currents 
i,(t) and i;(t): 


Fi 
i - + (R, + Rib + Ri = EO 
; (17) 
di; : : 
eo + Rib a Riis _ E(t). 


We leave it as an exercise (see Problem 16 in Exercises 2.9) to show that the system of dif- 
ferential equations describing the currents 7,(4) and i,(f) in the network containing a resistor, an 
inductor, and a capacitor shown in FIGURE 2.9.4 is 


+ lL = 


di, . _, 
ee ae 
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| 2.9 Exercises Answers to selected odd-numbered problems begin on page ANS-4. 


Radioactive Series But for several reasons it is complicated, and sometimes prob- 
lematic, to determine how much of the Ca-40 in a sample is 
radiogenic. In contrast, when an igneous rock is formed by 
volcanic activity, all of the argon (and other) gas previously 
trapped in the rock is driven away by the intense heat. At the 
moment when the rock cools and solidifies, the gas trapped 
inside th k has th iti the at here. 
2. In Problem 1, suppose that time is measured in days, that the ig ASSN EAS ase NA ag Ie 
There are three stable isotopes of argon, and in the atmosphere 
decay constants are k; = —0.138629 and k, = —0.004951, h in the follow lati nana - 0.063% 
d that x) = 20. Use a graphing utility to obtain the graphs ee ° 
ie ee eapne e grap Ar-38, 0.337% Ar-36, and 99.60% Ar-40. Of these, just one, 

of the solutions x(4), y(4), and z(¢) on the same set of coordinate ‘ : : 
iced 4 . he half_Ii Sail Ar-36, is not created radiogenically by the decay of any element, 
ee ee eet ee ener ee so any Ar-40 in excess of 99.60/(0.337) = 295.5 times the 


3 a x sa 4 Problem 2 ae ee eau amount of Ar-36 must be radiogenic. So the amount of radio- 
taal Sua cas eis aa IE ae eect ema ana genic Ar-40 in the sample can be determined from the amounts 


amounts x(f) and y(f) are the same, the times when the amounts of Ar-38 and Ar-36 in the sample, which can be measured. 
x(t) and z(t) are the same, and the times when the amounts y(f) Assuming that we have a sample of rock for which the 


and are Me sane Why does the Une saan whenihe amount of K-40 and the amount of radiogenic Ar-40 have been 
amounts y(f) and z(¢) are the same make intuitive sense? ‘ 
: : : : determined, how can we calculate the age of the rock? Let 
4. Construct a mathematical model for a radioactive series of : ; 
f 1 SW Vand 7 heer; ble el P(t) be the amount of K-40, A(t) the amount of radiogenic 
Oe me reenter es Tmne tug ate eager Ar-40, and C(f) the amount of radiogenic Ca-40 in the sample 


as functions of time fin years since the formation of the rock. 


1. We have not discussed methods by which systems of first-order 
differential equations can be solved. Nevertheless, systems such 
as (2) can be solved with no knowledge other than how to solve 
a single linear first-order equation. Find a solution of (2) subject 
to the initial conditions x(0) = x9, y(O) = 0, z(0) = 0. 


Contributed Probl io rs ee Pare Then a mathematical model for the decay of K-40 is the sys- 
epartment 0: athematical sciences 2 ° ° . 
ontributed Froplems Pie eee 8 State University tem of linear first-order differential equations 
wWVW—Wwewo SS dA 
5. Potassium-40 Decay The mineral potassium, whose chem- a AP 


ical symbol is K, is the eighth most abundant element in the 


Earth’s crust, making up about 2% of it by weight, and one of ae = AeP 

its naturally occurring isotopes, K-40, is radioactive. The ra- dt 

dioactive decay of K-40 is more complex than that of carbon-14 dP e<Oy age 

because each of its atoms decays through one of two different dt - — 

nuclear decay reactions into one of two different substances: where A, = 0.581 X 107 and Ap = 4.962 x 107%, 


the mineral calcium-40 (Ca-40) or the gas argon-40 (Ar-40). 


F th t f differential ti find P(t) if 
Dating methods have been developed using both of these de- a Fron tay Syelent Of Un er enMaledualons na EQ) 


P(O) = Py. 
cay products. In each case, the age of a sample is calculated (b) = ee the half-life of K-40 
using the ratio of two numbers: the amount of the parent (c) Use P(f) from part (a) to find A(t) and C(t) if A(0) = 0 
isotope K-40 in the sample and the amount of the daughter and C(0) = 0 


isotope (Ca-40 or Ar-40) in the sample that is radiogenic, in 
other words, the substance which originates from the decay 
of the parent isotope after the formation of the rock. 


Tuy) 


(d) Use your solution for A(f) in part (c) to determine the 
percentage of an initial amount Py of K-40 that decays 
into Ar-40 over a very long period of time (that is, t—> 00). 
What percentage of Py) decays into Ca-40? 


6. Potassium—Argon Dating (a) Use the solutions in parts (a) 
and (c) of Problem 5 to show that 


ee ae [ertror — 4], 
Pith Ag t Ace 
(b) Solve the expression in part (a) for ¢ in terms A(f), P(A), 
A,, and Ac. 

(c) Suppose it is found that each gram of a rock sample con- 
© beboy/ShutterStock, Inc. tains 8.6 X 10-7 grams of radiogenic Ar-40 and 
An igneous rock is solidified magma 5.3 X 10° grams of K-40. Use the equation obtained in 

The amount of K-40 in a sample is easy to calculate. part (b) to determine the approximate age of the rock. 
K-40 comprises 1.17% of naturally occurring potassium, i 
and this small percentage is distributed quite uniformly, so Mixtures 
that the mass of K-40 in the sample is just 1.17% of the total 7. Consider two tanks A and B, with liquid being pumped in 
mass of potassium in the sample, which can be measured. and out at the same rates, as described by the system of 
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equations (3). What is the system of differential equations if, 
instead of pure water, a brine solution containing 2 pounds of 
salt per gallon is pumped into tank A? 


. Use the information given in FIGURE 2.9.5 to construct a math- 


ematical model for the number of pounds of salt x,(f), x2(4), 
and x3(t) at time fin tanks A, B, and C, respectively. 


mixture 
1 gal/min 


mixture 
2 gal/min 


pure water 
4 gal/min 


mixture 
4 gal/min 


mixture 
5 gal/min 


mixture 
6 gal/min 


FIGURE 2.9.5 Mixing tanks in Problem 8 


. Two very large tanks A and B are each partially filled with 


100 gallons of brine. Initially, 100 pounds of salt is dissolved 
in the solution in tank A and 50 pounds of salt is dissolved 
in the solution in tank B. The system is closed in that the 
well-stirred liquid is pumped only between the tanks, as 
shown in FIGURE 2.9.6. 

(a) Use the information given in the figure to construct a 
mathematical model for the number of pounds of salt x, (A) 
and x,(f) at time fin tanks A and B, respectively. 

(b) Find a relationship between the variables x,(t) and x (ft) 
that holds at time ¢. Explain why this relationship makes 
intuitive sense. Use this relationship to help find the 
amount of salt in tank B at tf = 30 min. 


mixture 
3 gal/min 


mixture 
2 gal/min 


FIGURE 2.9.6 Mixing tanks in Problem 9 


. Three large tanks contain brine, as shown in FIGURE 2.9.7. Use 


the information in the figure to construct a mathematical model 
for the number of pounds of salt x,(f), x(t), and x3(f) at time 
tin tanks A, B, and C, respectively. Without solving the system, 
predict limiting values of x,(f), x(t), and x(t) as f > oo. 


pure water 
4 gal/min 


mixture 
4 gal/min 


mixture 
4 gal/min 


mixture 
4 gal/min 


FIGURE 2.9.7 Mixing tanks in Problem 10 
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Predator—Prey Models 


11. 


Consider the Lotka—Volterra predator-prey model defined by 
dx 


ri = —0.1x + 0.02xy 
Os 0.2y — 0.025 
A .2y .025xy, 


where the populations x(t) (predators) and y(t) (prey) are mea- 
sured in the thousands. Suppose x(0) = 6 and y(0) = 6. Use a 
numerical solver to graph x(¢) and y(t). Use the graphs to ap- 
proximate the time t > 0 when the two populations are first equal. 
Use the graphs to approximate the period of each population. 


Competition Models 


12. 


Consider the competition model defined by 


dx 
Be = x(2 — 0.4x - 0.3) 
dy 
fp 7 UL ~ O.ly — 0.39), 


where the populations x(7) and y() are measured in the thousands 
and fin years. Use a numerical solver to analyze the popula- 
tions over a long period of time for each of the cases: 

(a) x(0)= 1.5, yO)=35 (b) x0)=1, yO=1 


(c) x(0)=2, yO)=7 (d) x(0) = 4.5, (0) =0.5 
. Consider the competition model defined by 
dx 
— x(1 — 0.1x — 0.05y) 
dy 
Ta y.7 — O.ly — 0.152), 


where the populations x(f) and y(f) are measured in the thousands 
and f in years. Use a numerical solver to analyze the popula- 
tions over a long period of time for each of the cases: 


(a) x0)=1, yO)=1 (b) x(0)=4, (0) = 10 
(c) x(0)=9, y(0)=4 (d) x(0) =5.5, y(0) = 3.5 
Networks 


14. 


15. 


Show that a system of differential equations that describes 
the currents 7,(¢) and i,(f) in the electrical network shown in 
FIGURE 2.9.8 is 


ae a ee 
dt dt 

ee ee 1 =0 

dt Ae 


FIGURE 2.9.8 Network in Problem 14 


Determine a system of first-order differential equations that 
describe the currents i,(f) and i,(f) in the electrical network 
shown in FIGURE 2.9.9. 


16. 


Ly 


0) 
UN) 


FIGURE 2.9.9 Network in Problem 15 


Show that the linear system given in (18) describes the 
currents i,(f) and 7,(f) in the network shown in Figure 2.9.4. 
[Hint: dq/dt = i3.] 


Additional Mathematical Models 


17. 


SIR Model A communicable disease is spread throughout 
a small community, with a fixed population of n people, by 
contact between infected individuals and people who are 
susceptible to the disease. Suppose initially that everyone is 
susceptible to the disease and that no one leaves the com- 
munity while the epidemic is spreading. At time f, let s(t), 
i(t), and r(t) denote, in turn, the number of people in the 
community (measured in hundreds) who are susceptible to 
the disease but not yet infected with it, the number of people 
who are infected with the disease, and the number of people 
who have recovered from the disease. Explain why the system 
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In Problems | and 2, fill in the blanks. 


1. 


The DE y’ — ky =A, where k and A are constants, is autono- 
mous. The critical point of the equation is a(n) 
(attractor or repeller) for k > O and a(n) (attractor or 
repeller) for k < 0. 


d 
. The initial-value problem x = — 4y = 0, y(0) = k, has an 
x 


infinite number of solutions for k = and no solution 


fork = 


In Problems 3 and 4, construct an autonomous first-order differ- 
ential equation dy/dx = f(y) whose phase portrait is consistent 
with the given figure. 


3. 


y 4. y 
A A 
+4 
+ 3 
y 
A a 2 
y 
44 
+0 
A A 


FIGURE 2.R.1 Phase portrait 
in Problem 3 


FIGURE 2.R.2 Phase portrait 
in Problem 4 


5. 


of differential equations 


d. 

eee —k,si 

dt 

di 

a = -ki + ksi 
dr 

— = ki, 
a. 


where k, (called the infection rate) and k, (called the removal 
rate) are positive constants, is a reasonable mathematical 
model, commonly called a SIR model, for the spread of the 
epidemic throughout the community. Give plausible initial 
conditions associated with this system of equations. Show that 
the system implies that 


d 
ao 


Why is this consistent with the assumptions? 


. (a) In Problem 17 explain why it is sufficient to analyze only 


ds : 

— = —k,si 

dt 

di 
— = -kji + ksi. 
dt 


(b) Suppose k, = 0.2, k, = 0.7, and n = 10. Choose various 
values of i(0) = ip, 0 < ip < 10. Use a numerical solver to 
determine what the model predicts about the epidemic in the 
two cases Sq > kp/k, and sy = k,/k,. In the case of an epidemic, 
estimate the number of people who are eventually infected. 


Answers to selected odd-numbered problems begin on page ANS-4. 


The number 0 is a critical point of the autonomous differential 
equation dx/dt = x”, where n is a positive integer. For what 
values of 1 is 0 asymptotically stable? Semi-stable? Unstable? 
Repeat for the equation dx/dt = —x". 


. Consider the differential equation 


dP 
ae = f(P), where f(P) = —0.5P? — 1.7P + 3.4. 


The function f(P) has one real zero, as shown in FIGURE 2.R.3. 
Without attempting to solve the differential equation, estimate 
the value of lim,_,,, P(). 


FIGURE 2.R.3 Graph for Problem 6 
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7. FIGURE 2.R.4 is a portion of the direction field of a differential 
equation dy/dx = f(x, y). By hand, sketch two different solution 
curves, one that is tangent to the lineal element shown in black 


and the other tangent to the lineal element shown in red. 


FIGURE 2.R.4 Direction field for Problem 7 


8. Classify each differential equation as separable, exact, linear, 
homogeneous, or Bernoulli. Some equations may be more 


than one kind. Do not solve. 


dy x-y dy 1 
—— b) — = 
(a) dx x (b) dx y-x 
dy dy 1 
+I==-yt+1 a 
(c) + I) on y + 10 (d) a an 
dy _yty dy ; 
wee. f eco + y2 
(e) dx x+x © dx yy 
2 dy xy 
(g) ydx = (—y — xy’) dy (h) oe 
(i) xyy'’ + y? = 2x (j) 2xyy’ + y? = 2x? 
(k) ydx + xdy = 0 
2 
a) (+2) dx = (3 — Inx?) dy 
dy xy GOP. pak 
—=-+-+1 se +e tY =0 
~~ dx y x (n) x? dx ' 


In Problems 9-16, solve the given differential equation. 
9, (y* + 1) dx = ysec’xdy 
10. ydnx — Iny) dx = (xInx — xIny — y) dy 
d 
1. (6x + iy + 3x? + 2y =0 


d. 4y? + 6 d 
oe = 13. age Aig 
dy 3y° + 2x dt 


14. (2x +y + Dy’ =1 


In Problems 17—20, express the solution of the given initial- 
value problem in terms of an integral-defined function. 


dy 
17. 2— + (4cosx)y =x, yO) = 1 
dx 


dy 


18. — — 4xy = sinx’, y(0) =7 
dx . “ 
dy 5 
19. x— + 2y = xe*, yl) =3 
dx 
dy ; 
20. x + (sinx)y = 0, y(O) = 10 
dx 
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15. (x? + 4) dy = (2x — 8xy) dx 
16. (2r°cos@sin@ + rcos@) do + (4r + sin@ — 2rcos’@) dr = 0 


In Problems 21 and 22, solve the given initial-value problem. 


21. 


22. 


dy 
—+ y= f(x), yO) = 5, where 
dx 
é* OfHx%< 1 
Fo) = ( x21 
dy 
— + P(x)y = e*, y(O) = —1, where 
dx 
1 <x<l 
P(x.) = { : O0O=x 
=k x= 1 


In Problems 23 and 24, solve the given initial-value problem and 
give the largest interval J on which the solution is defined. 


23. 


24. 


25. 


26. 


21. 


28. 


d 
sin x + (cosx)y =0, y(7n/6) = -2 
1X 


dy 


— + 4+ Dy? = 0, 
Tt ( dy 


y(0) = -8 
(a) Without solving, explain why the initial-value problem 


dy 
7 VI» Yeo) = Yo 
Ix 
has no solution for yp < 0. 
Solve the initial-value problem in part (a) for yp > 0 and 
find the largest interval J on which the solution is defined. 


(b 


w—a 


(a 


wa 


Find an implicit solution of the initial-value problem 


d 2 — x2 
aes , x) = -V2. 
dx xy 


(b) Find an explicit solution of the problem in part (a) and 
give the largest interval J over which the solution is de- 
fined. A graphing utility may be helpful here. 


Graphs of some members of a family of solutions for a first- 
order differential equation dy/dx = f(x, y) are shown in 
FIGURE 2.R.5. The graph of an implicit solution G(x, y) = 0 that 
passes through the points (1, — 1) and (— 1, 3) is shown in red. 
With colored pencils, trace out the solution curves of the solu- 
tions y = y,(x) and y = y,(x) defined by the implicit solution 
such that y,(1) = —1 and y,(—1) = 3. Estimate the interval / 
on which each solution is defined. 


FIGURE 2.R.5 Graph for Problem 27 


Use Euler’s method with step size h = 0.1 to approximate 
y(1.2) where y(x) is a solution of the initial-value problem 


y =14 xVy, yl) = 9. 


29. 


30. 


31. 


32. 


33. 


34, 


In March 1976, the world population reached 4 billion. A 
popular news magazine predicted that with an average yearly 
growth rate of 1.8%, the world population would be 8 billion 
in 45 years. How does this value compare with that predicted 
by the model that says the rate of increase is proportional to 
the population at any time f? 


Iodine-131 is a radioactive liquid used in the treatment of 

cancer of the thyroid. After one day in storage, analysis shows 

that initial amount of iodine-131 in a sample has decreased 

by 8.3%. 

(a) Find the amount of iodine-131 remaining in the sample 
after 8 days. 

(b) What is the significance of your answer in part (a)? 


In 1991 hikers found a preserved body of a man partially 
frozen in a glacier in the Austrian Alps. Through carbon- 
dating techniques it was found that the body of Otzi—the 
iceman as he came to be called—contained 53% as much C-14 
as found in a living person. 
(a) Using the Cambridge half-life of C-14, give an educated 
guess of the date of his death (relative to the year 2016). 
(b) Then use the technique illustrated in Example 3 of 
Section 2.7 to calculate the approximate date of his death. 
Assume that the iceman was carbon dated in 1991. 


© dpa/Corbis 
The iceman in Problem 31 


Air containing 0.06% carbon dioxide is pumped into a room 
whose volume is 8000 ft*. The air is pumped in at a rate of 
2000 ft?/min, and the circulated air is then pumped out at the 
same rate. If there is an initial concentration of 0.2% carbon 
dioxide, determine the subsequent amount in the room at any 
time. What is the concentration at 10 minutes? What is the 
steady-state, or equilibrium, concentration of carbon dioxide? 


Solve the differential equation 


dy y 


dx V5? — 


of the tractrix. See Problem 28 in Exercises 1.3. Assume that 
the initial point on the y-axis is (0, 10) and that the length of 
the rope is x = 10 ft. 


Suppose a cell is suspended in a solution containing a solute 
of constant concentration C,. Suppose further that the cell has 
constant volume V and that the area of its permeable membrane 
is the constant A. By Fick’s law the rate of change of its mass m 
is directly proportional to the area A and the difference 
C, — C(t), where C(t) is the concentration of the solute inside 
the cell at any time ¢. Find C(f) ifm = V- C(#) and C(O) = C>. 
See FIGURE 2.R.6. 


35. 


36. 


37. 


38. 


molecules of solute 
—— diffusing through 
—— cell membrane 


FIGURE 2.R.6 Cell in Problem 34 


Suppose that as a body cools, the temperature of the surround- 
ing medium increases because it completely absorbs the heat 
being lost by the body. Let 7(f) and T,,(t) be the temperatures 
of the body and the medium at time ¢, respectively. If the initial 
temperature of the body is 7, and the initial temperature of 
the medium is 7,, then it can be shown in this case that 
Newton’s law of cooling is dT/dt = k(T — T,,), k < 0, where 
T,, = T, + BT, — T), B > Ois a constant. 

(a) The foregoing DE is autonomous. Use the phase portrait 
concept of Section 2.1 to determine the limiting value of 
the temperature T(t) as t—> oo. What is the limiting value 
of T,,(t) as t—> co? 

(b) Verify your answers in part (a) by actually solving the 
differential equation. 

(c) Discuss a physical interpretation of your answers in part (a). 


According to Stefan’s law of radiation, the absolute tempera- 
ture T of a body cooling in a medium at constant temperature 
T,, 1s given by 
ce k(T* — T4), 
dt 
where k is a constant. Stefan’s law can be used over a greater 
temperature range than Newton’s law of cooling. 
(a) Solve the differential equation. 
(b) Show that when T — T,, is small compared to 7,, then 
Newton’s law of cooling approximates Stefan’s law. [ Hint: 
Think binomial series of the right-hand side of the DE.] 


Suppose an RC-series circuit has a variable resistor. If the 
resistance at time ¢ is defined by R(t) = k, + kot, where k, 
and k, are known positive constants, then the differential equa- 
tion in (10) of Section 2.7 becomes 


@ eh gaa 
cr a ok ; 


where C is a constant. If E(t) = Ey and g(0) = qo, where E 
and gp are constants, then show that 


k, 1/Ck, 
th = EC + -E : 
q(t) 0 (qo 10( x ns =) 


A classical problem in the calculus of variations is to find the 
shape of a curve © such that a bead, under the influence of grav- 
ity, will slide from point A(O, 0) to point B(x, y,) in the least 
time. See FIGURE 2.R.7. It can be shown that a nonlinear differ- 
ential equation for the shape y(x) of the path is y[1 + (y’)?] = k, 
where k is a constant. First solve for dx in terms of y and dy, 
and then use the substitution y = k sin’@ to obtain a parametric 
form of the solution. The curve “ turns out to be a cycloid. 
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39. 


40. 


41. 


mg B(x}, 91) 


y 


FIGURE 2.R.7 Sliding bead in Problem 38 


The clepsydra, or water clock, was a device used by the an- 
cient Egyptians, Greeks, Romans, and Chinese to measure the 
passage of time by observing the change in the height of wa- 
ter that was permitted to flow out of a small hole in the bottom 
of a container or tank. In Problems 39-42, use the differential 
equation (see Problems 13-16 in Exercises 2.8) 

dh _ A, 

a “A, 
as a model for the height / of water in a tank at time t. Assume 
in each of these problems that h(0) = 2 ft corresponds to 
water filled to the top of the tank, the hole in the bottom is 
circular with radius 35 in, g = 32 ft/s’, and c = 0.6. 


2gh 


Suppose that a tank is made of glass and has the shape of a right- 
circular cylinder of radius 1 ft. Find the height h(t) of the water. 


For the tank in Problem 39, how far up from its bottom should 
a mark be made on its side, as shown in FIGURE 2.R.8, that cor- 
responds to the passage of | hour? Continue and determine 
where to place the marks corresponding to the passage of 2 h, 
3h,..., 12h. Explain why these marks are not evenly spaced. 


FIGURE 2.R.8 Clepsydra in Problem 40 


Suppose that the glass tank has the shape of a cone with cir- 
cular cross sections as shown in FIGURE 2.R.9. Can this water 
clock measure 12 time intervals of length equal to | hour? 
Explain using sound mathematics. 


FIGURE 2.R.9 Clepsydra in Problem 41 
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42. 


44. 


45. 


46. 


Suppose that r = f(h) defines the shape of a water clock for 
which the time marks are equally spaced. Use the above dif- 
ferential equation to find f(/) and sketch a typical graph of h 
as a function of r. Assume that the cross-sectional area A,, of 
the hole is constant. [ Hint: In this situation, dh/dt = —a, where 
a > Ois aconstant.] 


. A model for the populations of two interacting species of 


animals is 
dt = kyx(a = x) 
dy 
— = kyxy. 
dt 2Xy 


Solve for x and y in terms of f. 


Initially, two large tanks A and B each hold 100 gallons of 
brine. The well-stirred liquid is pumped between the tanks 
as shown in FIGURE 2.R.10. Use the information given in the 
figure to construct a mathematical model for the number of 
pounds of salt x,(t) and x,(f) at time ¢ in tanks A and B, 
respectively. 


mixture 
5 gal/min 


2 Ib/gal 
7 gal/min 


mixture 
4 gal/min 


mixture 
1 gal/min 


mixture 
3 gal/min 


FIGURE 2.R.10 Mixing tanks in Problem 44 


It is estimated that the ecosystem of Yellowstone National 

Park can sustain a grey wolf population of 450. An initial 

population in 1997 was 40 grey wolves and it was subsequently 

determined that the population grew to 95 wolves after 

15 years. How many wolves does the mathematical model 
dP 450 


— = kPiIn— 
dt P 


predict there will be in the park 30 years after their introduction? 

(a) Use a graphing utility to graph the wolf population P(r) 
found in Problem 45. 

(b) Use the solution P(t) in Problem 45 to find lim P(t). 

(c) Show that the differential equation in Problem 45 is a 
special case of Gompertz’s equation ((7) in Section 2.8). 


When all the curves in a family G(x, y, c,) = 0 intersect orthogonally 
all the curves in another family H(x, y, cy) = 0, the families are 
said to be orthogonal trajectories of each other. See FIGURE 2.R.11. 
If dy/dx = f(x, y) is the differential equation of one family, then 
the differential equation for the orthogonal trajectories of this fam- 
ily is dy/dx = —1/f(x, y). In Problems 47-50, find the differential 
equation of the given family. Find the orthogonal trajectories of 
this family. Use a graphing utility to graph both families on the 
same set of coordinate axes. 


tangents 


FIGURE 2.R.11 Orthogonal trajectories 


41. y= c\x MB. 3? = Wy =e, 


49. y= -—x — 1+ cye* oe arenes 
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51. Invasion of the Marine Toads* In 1935, the poisonous 
American marine toad (Bufo marinus) was introduced, 
against the advice of ecologists, into some of the coastal 
sugar cane districts in Queensland, Australia, as a means of 
controlling sugar cane beetles. Due to lack of natural preda- 
tors and the existence of an abundant food supply, the toad 
population grew and spread into regions far from the origi- 
nal districts. The survey data given in the accompanying 
table indicate how the toads expanded their territorial bounds 
within a 40-year period. Our goal in this problem is to find 
a population model of the form P(t;) but we want to construct 
the model that best fits the given data. Note that the data are 
not given as number of toads at 5-year intervals since this 
kind of information would be virtually impossible to obtain. 


Year Area Occupied 
1939 32,800 
1944 55,800 
1949 73,600 
1954 138,000 
1959 202,000 
1964 257,000 
© Ryan M. Bolton/ShutterStock, Inc. 1969 301,000 
1974 584,000 


Marine toad (Bufo marinus) 


(a) For ease of computation, let’s assume that, on the aver- 
age, there is one toad per square kilometer. We will also 
count the toads in units of thousands and measure time 
in years with t = 0 corresponding to 1939. One way to 


*This problem is based on the article Teaching Differential Equations 
with a Dynamical Systems Viewpoint by Paul Blanchard, The College 
Mathematics Journal 25 (1994) 385-395. 


52. 


model the data in the table is to use the initial condition 
Py) = 32.8 and to search for a value of k so that the graph 
of Pye“ appears to fit the data points. Experiment, using 
a graphic calculator or a CAS, by varying the birth rate 
k until the graph of Pye“ appears to fit the data well over 
the time period 0 = ¢ = 35. 

Alternatively, it is also possible to solve analytically 
for a value of k that will guarantee that the curve passes 
through exactly two of the data points. Find a value of k 
so that P(5) = 55.8. Find a different value of k so that 
P(35) = 584. 

(b) In practice, a mathematical model rarely passes through 
every experimentally obtained data point, and so statisti- 
cal methods must be used to find values of the model’s 
parameters that best fit experimental data. Specifically, 
we will use linear regression to find a value of k that 
describes the given data points: 


¢ Use the table to obtain a new data set of the form 
(t;, In P(t;)), where P(t,) is the given population at the 
times ft; = 0,t, = 5,.... 

¢ Most graphic calculators have a built-in routine to find 
the line of least squares that fits this data. The routine 
gives an equation of the form In P(f) = mt + b, where 
m and b are, respectively, the slope and intercept cor- 
responding to the line of best fit. (Most calculators also 
give the value of the correlation coefficient that indi- 
cates how well the data is approximated by a line; a 
correlation coefficient of 1 or —1 means perfect cor- 
relation. A correlation coefficient near 0 may mean that 
the data do not appear to be fit by an exponential 
model.) 

* SolvingIn P(t) = mt + bgives P(t) = e”™*? or P(t) = 
e’e”'. Matching the last form with Poe“, we see that 
e” is an approximate initial population, and m is the 
value of the birth rate that best fits the given data. 


(c) So far you have produced four different values of the birth 
rate k. Do your four values of k agree closely with each 
other? Should they? Which of the four values do you think 
is the best model for the growth of the toad population 
during the years for which we have data? Use this birth 
rate to predict the toad’s range in the year 2039. Given 
that the area of Australia is 7,619,000 km”, how confident 
are you of this prediction? Explain your reasoning. 


Invasion of the Marine Toads—Continued [n part (a) of 
Problem 51, we made the assumption that there was an aver- 
age of one toad per square kilometer. But suppose we are 
wrong and there were actually an average of two toads per 
square kilometer. As before, solve analytically for a value of 
k that will guarantee that the curve passes through exactly two 
of the data points. In particular, if we now assume that 
P(O) = 65.6, find a value of k so that P(5) = 111.6, anda 
different value of k so that P(35) = 1168. How do these val- 
ues of k compare with the values you found previously? What 
does this tell us? Discuss the importance of knowing the exact 
average density of the toad population. 
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CHAPTER 


We turn now to DEs of order two 
or higher. In the first six sections 
of this chapter we examine the 
underlying theory of linear DEs 
and methods for solving certain 
kinds of linear equations. The 
difficulties that surround higher- 
order nonlinear DEs and the 

few methods that yield analytic 
solutions for such equations are 
examined next (Section 3.7). 

The chapter concludes with 
higher-order linear and nonlinear 
mathematical models (Sections 
3.8, 3.9, and 3.11) and the first of 
several methods to be considered 
on solving systems of linear DEs 
(Section 3.12). 
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3.1 | Theory of Linear Equations 


INTRODUCTION Weturn now to differential equations of order two or higher. In this section 
we will examine some of the underlying theory of linear DEs. Then in the five sections that fol- 
low we learn how to solve linear higher-order differential equations. 


3.1.1 Initial-Value and Boundary-Value Problems 


il Initial-Value Problem In Section 1.2 we defined an initial-value problem for a general 
nth-order differential equation. For a linear differential equation, an nth-order initial-value 
problem (IVP) is 

d"y qd” = ly 


Solve: Gao * Gai) 


dy 
es + oe — pa 
dx" inl a(x) iy a(x)y = g(x) 


(1) 
Subject to: y(%) = Yo. Y' Go) =Yu---> YG) = Yn 


Recall that for a problem such as this, we seek a function defined on some interval J containing 
Xo that satisfies the differential equation and the n initial conditions specified at x9: v(x) = Yo, 
y! (Xp) = Vy -+0s W(X) = Y_—1. We have already seen that in the case of a second-order initial- 
value problem, a solution curve must pass through the point (Xo, yo) and have slope y, at this point. 


Hi Existence and Uniqueness In Section 1.2 we stated a theorem that gave conditions 
under which the existence and uniqueness of a solution of a first-order initial-value problem were 
guaranteed. The theorem that follows gives sufficient conditions for the existence of a unique 
solution of the problem in (1). 


Theorem 3.1.1 Existence of a Unique Solution 


Let a,(x), d,—-1(X), . . . , @(x), ao(x), and g(x) be continuous on an interval J, and let a,(x) # 0 
for every x in this interval. If x = x is any point in this interval, then a solution y(x) of the 
initial-value problem (1) exists on the interval and is unique. 


| EXAMPLE1 | Unique Solution of an IVP 


The initial-value problem 
3y" + Sy" —y' +7Ty=0, ywI=0, yM)=0, y')=0 


possesses the trivial solution y = 0. Since the third-order equation is linear with constant 
coefficients, it follows that all the conditions of Theorem 3.1.1 are fulfilled. Hence y = 0 is 


the only solution on any interval containing x = 1. = 


| EXAMPLE2 | Unique Solution of an IVP 


You should verify that the function y = 3e”* + e ** — 3xisa solution of the initial-value problem 
y’—-4y=12x, ywO)=4, ywOeHl1. 


Now the differential equation is linear, the coefficients as well as g(x) = 12x are continuous, 
and a,(x) = | # 0 on any interval J containing x = 0. We conclude from Theorem 3.1.1 that 


the given function is the unique solution on /. = 


The requirements in Theorem 3.1.1 that a,(x), i = 0, 1,2,..., be continuous and a,(x) # 0 for 
every x in J are both important. Specifically, if a,(x) = 0 for some x in the interval, then the 
solution of a linear initial-value problem may not be unique or even exist. For example, you 
should verify that the function y = cx’ + x + 3 is a solution of the initial-value problem 


vy" — xy’ + 2y=6, y0)=3, yO=1 


CHAPTER 3 Higher-Order Differential Equations 


solutions of the DE 


| 
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FIGURE 3.1.1 Colored curves are solutions 
of a BVP 


FIGURE 3.1.2 The BVP in (3) of Example 3 
has many solutions 


on the interval (—oo, oo) for any choice of the parameter c. In other words, there is no unique 
solution of the problem. Although most of the conditions of Theorem 3.1.1 are satisfied, the 
obvious difficulties are that a,(x) = x° is zero at x = O and that the initial conditions are also 
imposed at x = 0. 


I Boundary-Value Problem Another type of problem consists of solving a linear dif- 
ferential equation of order two or greater in which the dependent variable y or its derivatives are 
specified at different points. A problem such as 


d*y dy 

Solve: ay(x) —; + a(x) — + any = gi) 
dx- dx 

Subject to: y(a) = yo, yb) = y, 


is called a two-point boundary-value problem, or simply a boundary-value problem (BVP). 

The prescribed values y(a) = yp and y(b) = y, are called boundary conditions (BC). A solution 

of the foregoing problem is a function satisfying the differential equation on some interval /, 

containing a and b, whose graph passes through the two points (a, yo) and (b, y,). See FIGURE 3.1.1. 
For a second-order differential equation, other pairs of boundary conditions could be 


y'(a) = Yo y(b) = y, 
ya)=y, y(b=y 
y(a)=y, y(b)=y, 


where y, and y, denote arbitrary constants. These three pairs of conditions are just special cases 
of the general boundary conditions 


A\y(a) + Biy'(a) = C, 
Azy(b) + Byy'(b) = CG. 


The next example shows that even when the conditions of Theorem 3.1.1 are fulfilled, a 
boundary-value problem may have several solutions (as suggested in Figure 3.1.1), a unique 
solution, or no solution at all. 


| EXAMPLE3 | A BVP Can Have Many, One, or No Solutions 


In Example 9 of Section 1.1 we saw that the two-parameter family of solutions of the dif- 
ferential equation x” + 16x = Ois 


x = c, cos 4t + cy sin 4¢. (2) 


(a) Suppose we now wish to determine that solution of the equation that further satisfies the 
boundary conditions x(0) = 0, x(7/2) = 0. Observe that the first condition 0 = c, cos 0 + c, sin0 
implies c,; = 0, so that x = cy sin 4¢. But when f = 77/2, 0 = c, sin 277 is satisfied for any choice 
of c, since sin 277 = 0. Hence the boundary-value problem 


x" + lox = 0, x(0)=0, x(7/2) = 0 (3) 


has infinitely many solutions. FIGURE 3.1.2 shows the graphs of some of the members of the 
one-parameter family x = c, sin 4f that pass through the two points (0, 0) and (77/2, 0). 


(b) Ifthe boundary-value problem in (3) is changed to 
x" + lox =0, x(0) = 0, x(a/8) = 0, (4) 
then x(0) = 0 still requires c,; = 0 in the solution (2). But applying x(a7/8) = 0 to x = c, sin 4t 


demands that 0 = c, sin(7r/2) = c,- 1. Hence x = 0 is a solution of this new boundary-value 
problem. Indeed, it can be proved that x = 0 is the only solution of (4). 
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Note y = 0 is always a 
solution of a homogeneous 
linear equation. 


Remember these assumptions > 
in the definitions and 
theorems of this chapter. 


(c) Finally, if we change the problem to 
x"+16x=0, x0)=0, x(a/2) = 1, (5) 


we find again that c; = 0 from x(0) = 0, but that applying x(7/2) = 1 to x = c) sin 4¢ leads 
to the contradiction | = c, sin 277 = c, - 0 = 0. Hence the boundary-value problem (5) has 
no solution. = 


3.1.2 Homogeneous Equations 
A linear nth-order differential equation of the form 


d"y isl | 


a) 5 + ay) Se aye 4 ax)y = 0 (6) 


is said to be homogeneous, whereas an equation 


n n-1 


d 
Ay(8) an + yi) eee = + ay = g(x) (7) 
xX 


dx"! 


with g(x) not identically zero is said to be nonhomogeneous. For example, 2y” + 3y’ — Sy = 0 
is a homogeneous linear second-order differential equation, whereas x*y" + 6y’ + 10y = e“isa 
nonhomogeneous linear third-order differential equation. The word homogeneous in this context 
does not refer to coefficients that are homogeneous functions as in Section 2.5; rather, the word 
has exactly the same meaning as in Section 2.3. 

We shall see that in order to solve a nonhomogeneous linear equation (7), we must first be 
able to solve the associated homogeneous equation (6). 

To avoid needless repetition throughout the remainder of this section, we shall, as a matter of 
course, make the following important assumptions when stating definitions and theorems about 
the linear equations (6) and (7). On some common interval J, 


e the coefficients a,x), i = 0, 1, 2,...,, are continuous; 
e the right-hand member g(x) is continuous; and 
¢ a,(x) # 0 for every x in the interval. 


Il Differential 0 perators In calculus, differentiation is often denoted by the capital letter D; 
that is, dy/dx = Dy. The symbol D is called a differential operator because it transforms a differ- 
entiable function into another function. For example, D(cos 4x) = —4 sin 4x, and D(5x° — 6x”) = 
15x? — 12x. Higher-order derivatives can be expressed in terms of D in a natural manner: 


d d? af 
(a) 7 eo = D(Dy) = D*y and in general = Dy, 


where y represents a sufficiently differentiable function. Polynomial expressions involving D, 
such as D + 3, D* + 3D — 4, and 5x°D® — 6x°D? + 4xD + 9, are also differential operators. In 
general, we define an nth-order differential operator to be 


a,(x)D" + a,—\(x)D" | + +++ + a(x)D + ap(x). (8) 


As a consequence of two basic properties of differentiation, D(cf(x)) = c Df(x), c a constant, 
and D{ f(x) + g(x)} = Df(x) + Dg(x), the differential operator L possesses a linearity property; 
that is, L operating on a linear combination of two differentiable functions is the same as the 
linear combination of L operating on the individual functions. In symbols, this means 


Liaf(x) + Bg@)} = aL(fa)) + BL(g)), (9) 


where a and B are constants. Because of (9) we say that the nth-order differential operator L is 
a linear operator. 


I Differential Equations Any linear differential equation can be expressed in terms of 
the D notation. For example, the differential equation y” + 5y’ + 6y = 5x — 3 can be written as 
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D’y + 5Dy + 6y = 5x — 3 or (D* + 5D + 6)y = 5x — 3. Using (8), the linear nth-order dif- 
ferential equations (6) and (7) can be written compactly as 


L(y)=0O and L(y) = gi), 


respectively. 


Hi Superposition Principle In the next theorem we see that the sum, or superposition, 
of two or more solutions of a homogeneous linear differential equation is also a solution. 


Theorem 3.1.2 Superposition Principle—Homogeneous Equations 


Let y,, yo, ..., ¥, be solutions of the homogeneous nth-order differential equation (6) on an 
interval J. Then the linear combination 


y = C1 yQx) + Cyya(x) +--+ + cgyg(x), 


where the c;, i = 1, 2,..., k are arbitrary constants, is also a solution on the interval. 


PROOF: We prove the case k = 2. Let L be the differential operator defined in (8), and let y,(x) 
and y,(x) be solutions of the homogeneous equation L(y) = 0. If we define y = c,y,(x) + cyyo(x), 
then by linearity of L we have 


LY) = Licey yy) + coy(x)} = e,L(y)) + coL(y2) = €,°0 + c,°0=0. a 


Corollaries to Theorem 3.1.2 


(a) A constant multiple y = c,y,(x) of a solution y,(x) of a homogeneous linear 
differential equation is also a solution. 
(b) A homogeneous linear differential equation always possesses the trivial solution y = 0. 


| EXAMPLE 4 | Superposition—Homogeneous DE 


The functions y, = x° and y, = x* In x are both solutions of the homogeneous linear equation 
3," 


xy" — 2xy'’ + 4y = 0 on the interval (0, 00). By the superposition principle, the linear 
combination 


y=exr +o Inx 
is also a solution of the equation on the interval. = 
The function y = e” is a solution of y” — 9y' + 14y = 0. Since the differential equation is 


linear and homogeneous, the constant multiple y = ce” is also a solution. For various values of c 
we see that y 9e”, y=0,y V5e",..., are all solutions of the equation. 


I Linear Dependence and Linear Independence The next two concepts are basic 
to the study of linear differential equations. 


Definition 3.1.1 Linear Dependence/Independence 


A set of functions f,(x), (4), ...,,f,(x) 1s said to be linearly dependent on an interval / if there 
exist constants C1, C2, ..., C,, not all zero, such that 


Cy fir) ar Cofo(x) AP ood oF CrifAeD) =@ 


for every x in the interval. If the set of functions is not linearly dependent on the interval, it is 
said to be linearly independent. 
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(a) 


FIGURE 3.1.3 The set consisting of f, and 
Jy is linearly independent on (—o0, oo) 
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(b) 


In other words, a set of functions is linearly independent on an interval if the only constants 
for which 


Cy fi) + Cofo(x) ao CrfnlX) =0 


for every x in the interval are c,) = c, = ++: =c, = 0. 

It is easy to understand these definitions in the case of two functions f,(x) and f,(x). If the 
functions are linearly dependent on an interval, then there exist constants c, and c, that are not 
both zero such that for every x in the interval c,f,(x) + cyf,(x) = 0. Therefore, if we assume that 
c, # 0, it follows that f,(x) = (—c)/c,)f,(x); that is 


If two functions are linearly dependent, then one is simply a constant multiple of the other. 


Conversely, if f(x) = c2f,(x) for some constant c,, then (— 1) - f(x) + cofs(x) = 0 for every x 
on some interval. Hence the functions are linearly dependent, since at least one of the constants 
(namely, c; = —1) is not zero. We conclude that: 


Two functions are linearly independent when neither is a constant multiple of the other 
on an interval. 


For example, the functions f,(x) = sin 2x and f(x) = sin x cos x are linearly dependent on 
(—o0, 00) because f;(x) is a constant multiple of f,(x). Recall from the double angle formula for 
the sine that sin 2x = 2 sin x cos x. On the other hand, the functions f,(x) = x and f,(x) = | x | are 
linearly independent on (—oo, oo). Inspection of FIGURE 3.1.3 should convince you that neither 
function is a constant multiple of the other on the interval. 

It follows from the preceding discussion that the ratio f,(x)/f,(x) is not a constant on an interval 
on which f,(x) and f,(x) are linearly independent. This little fact will be used in the next section. 


| EXAMPLES | Linearly Dependent Functions 


The functions f,(x) = cos?x, A) = sin?x, BX) = sec?x, fix) = tan°x are linearly dependent 
on the interval (— 7/2, 7/2) since 


2 9 2 
C1 cos’x + cy sin’x + c; sec?x + cy tan’x = 0, 


when c, = c, = 1, ¢; 1, c, = 1. We used here cos*x + sin?x = 1 and 1 + tan?x = sec?x 


for every number x in the interval. = 


A set of n functions f,(x), fo@), ..., f,(x) is linearly dependent on an interval / if at least one 
of the functions can be expressed as a linear combination of the remaining functions. For example, 
three functions f(x), f(x), and f,(x) are linearly dependent on / if at least one of these functions 
is a linear combination of the other two, say, 


Sa) = C1 fi@) + C2 fox) 


for all x in J. A set of n functions is linearly independent on / if no one function is a linear com- 
bination of the other functions. 


| EXAMPLE6 | Linearly Dependent Functions 


The functions f,(x) = Vx + 5, f(x) = Vx + 5x, f(x) = x — 1, f(x) = x’ are linearly dependent 
on the interval (0, 00) since f; can be written as a linear combination of f;, f,, and f,. Observe that 


A) = 1 fi@) +5 +f) + 0° fa) 


for every x in the interval (0, co). = 


[| Solutions of Differential Equations We are primarily interested in linearly inde- 
pendent functions or, more to the point, linearly independent solutions of a linear differential 
equation. Although we could always appeal directly to Definition 3.1.1, it turns out that the 
question of whether n solutions y,, y2, ..., y, Of a homogeneous linear nth-order differential 
equation (6) are linearly independent can be settled somewhat mechanically using a determinant. 
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Definition 3.1.2 © Wronskian 


Suppose each of the functions f,(x), 4), ..., f(x) possesses at least n —1 derivatives. The 
determinant 


Whiff) = |, ; 
pone por Bao pond 


where the primes denote derivatives, is called the Wronskian of the functions. 


The Wronskian determinant is named after the Polish philosopher and mathematician Josef 
Maria Hoéné-Wronski (1778-1853). 


Theorem 3.1.3 Criterion for Linearly Independent Solutions 


Let yj, yo, ..., y, be n solutions of the homogeneous linear nth-order differential equation (6) 
on an interval /. Then the set of solutions is linearly independent on / if and only if 
W(, Yo, ---> Yn) # O for every x in the interval. 


It follows from Theorem 3.1.3 that when y,, yo, ..., y, are n solutions of (6) on an interval J, 
the Wronskian W(y, ys, ..., Y,) is either identically zero or never zero on the interval. Thus, if 
we can show that W(y,, yo, ..-, ¥,) # 0 for some xp in J, then the solutions y,, yo, ..., y, are linearly 
independent on J. For example, the functions 


cos(2 In x) sin(2 In x) 


yi(x) = a yo(x) = 3 


are solutions of the differential equation 
xy" + Txy'’ + 13y =0 


on the interval (0, co). Note that the coefficient functions a,(x) = x, a(x) = 7x, and ao(x) = 13 
are continuous on (0, oo) and that a(x) # 0 for every value of x in the interval. The Wronskian is 


cos(2 In x) sin(2 In x) 
x x3 
WOi@), Y2)) = | 95? sin(2 In.x) — 3x2 cos(2Inx) 2x? cos(2 Inx) — 3x? sin(2 Inx)|" 
x xo 


Rather than expanding this unwieldy determinant, we choose x = | in the interval (0, oo) and 
find 


1 
Woy, (1), 20) = - ) 


The fact that Wiy,(1), y.1)) = 2 # 0 is sufficient to conclude that y,(x) and y,(x) are linearly 
independent on (0, 00). 


A set of linearly independent solutions of a homogeneous linear nth-order differential equa- 
tion is given a special name. 


Definition 3.1.3 Fundamental Set of Solutions 


Any set y;, yo, ..., ¥, of n linearly independent solutions of the homogeneous linear nth-order 
differential equation (6) on an interval / is said to be a fundamental set of solutions on the 
interval. 
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The basic question of whether a fundamental set of solutions exists for a linear equation is 
answered in the next theorem. 


Theorem 3.1.4 Existence of a Fundamental Set 


There exists a fundamental set of solutions for the homogeneous linear nth-order differential 
equation (6) on an interval J. 


Analogous to the fact that any vector in three dimensions can be expressed uniquely as a linear 
combination of the linearly independent vectors i, j, k, any solution of an nth-order homogeneous 
linear differential equation on an interval J can be expressed uniquely as a linear combination of n 
linearly independent solutions on J. In other words, n linearly independent solutions yj, yo, ..., Y, 
are the basic building blocks for the general solution of the equation. 


Theorem 3.1.5 General Solution—Homogeneous Equations 

Let y,, y>, ..., ¥, be a fundamental set of solutions of the homogeneous linear nth-order differ- 

ential equation (6) on an interval /. Then the general solution of the equation on the interval is 
y= Cy) te Cr V(X) SP 28S Sr CrYnlX), 


where c,;, i = 1, 2, ..., n are arbitrary constants. 


Theorem 3.1.5 states that if Y(x) is any solution of (6) on the interval, then constants C,, Cy, ..., 
C,, can always be found so that 


Y(x) = Ciyi@) + Cryr(x) Tee SP Cry n(x). 


We will prove the case when n = 2. 


PROOF: Let Y be a solution and y, and y, be linearly independent solutions of ayy" + ayy’ + 
doy = 0 on an interval J. Suppose x = fis a point in J for which W(y,(d), y2(t)) # 0. Suppose also 
that Y(t) = k, and Y’(t) = ky. If we now examine the equations 

Cry) + Cry2(t) = ky 

CiyiD + Cryst) = ky, 
it follows that we can determine C, and C, uniquely, provided that the determinant of the coef- 
ficients satisfies 


yi) ya(t) 
wd yi) 
But this determinant is simply the Wronskian evaluated at x = t, and, by assumption, W # 0. 


If we define G(x) = C,y,(x) + Cyy2(x), we observe that G(x) satisfies the differential equation, 
since it is a superposition of two known solutions; G(x) satisfies the initial conditions 


GO =Cy0+ Cy() =k, and Gt) = Cy) + Cry) = ky; 


Y(x) satisfies the same linear equation and the same initial conditions. Since the solution of this 
linear initial-value problem is unique (Theorem 3.1.1), we have Y(x) = G(x) or Y(x) = Cy yx) + 
Cyy2(x). = 


| EXAMPLE7 | General Solution of a Homogeneous DE 


The functions y, = e** and y, = e * are both solutions of the homogeneous linear equation 
y” — 9y = 0 on the interval (—co, co). By inspection, the solutions are linearly independent 
on the x-axis. This fact can be corroborated by observing that the Wronskian 


en ul = 6 #0 


Ww oe a i 
(e e ) 3e>* —3e —3x 


for every x. We conclude that y, and y, form a fundamental set of solutions, and consequently 
y=ce"+oe™ 


is the general solution of the equation on the interval. = 
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| EXAMPLES | 8 A Solution Obtained from a General Solution 


The function y = 4 sinh 3x — 5e** is a solution of the differential equation in Example 7. 
(Verify this.) In view of Theorem 3.1.5, we must be able to obtain this solution from the 
general solution y = c,e** + c,e **. Observe that if we choose c, = 2 and c, = —7, then 
y = 2e** — Te" ** can be rewritten as 


3X 3K 
y = 2e* — 2¢-3* — 5e-# = a(’ a ) — 5e7, 


= 3% = 


The last expression is recognized as y = 4 sinh 3x — Se 


| EXAMPLE9 | General Solution of a Homogeneous DE 


The functions y, = e’, y. = e*, and y; = e* satisfy the third-order equation y” — 6y” + 
lly’ — 6y = 0. Since 


e e 2x e 3x 


We." 26°) = |e Qe” Se*|-= 22" 7 0 
e* 4e* Ye* 


for every real value of x, the functions y,, y,, and y; form a fundamental set of solutions on 
(—o0, 00). We conclude that y = c,e" + c,e** + c3e* is the general solution of the differential 


equation on the interval. = 


3.1.3 Nonhomogeneous Equations 


Any function y, free of arbitrary parameters that satisfies (7) is said to be a particular solution 
of the equation. For example, it is a straightforward task to show that the constant function 
yp = 3 is a particular solution of the nonhomogeneous equation y’ + 9y = 27. 


Now if y1, yo, ..., ¥, are solutions of (6) on an interval / and y, is any particular solution of (7) 
on /, then the linear combination 
Y = Cpy@) + coyo(x) + v0 + cy) + yp) (10) 


is also a solution of the nonhomogeneous equation (7). If you think about it, this makes sense, 
because the linear combination c,y,(x) + Cyy2(x) +--+ + cyy,(x) is mapped into 0 by the opera- 
tor L = a,D" + a,_,D" | +--+ + aD + ao, whereas y, is mapped into g(x). If we use k = 1 
linearly independent solutions of the nth-order equation (6), then the expression in (10) becomes 
the general solution of (7). 


Theorem 3.1.6 General Solution—Nonhomogeneous Equations 


Let y, be any particular solution of the nonhomogeneous linear nth-order differential equation (7) 
on an interval J, and let y,, y2, ..., y, be a fundamental set of solutions of the associated ho- 
mogeneous differential equation (6) on /. Then the general solution of the equation on the 
interval is 


A eee cy) ate Czy2(x) a ea CnYn(X) nF Yp(X), 


where the c;, i = 1, 2, ..., m are arbitrary constants. 


PROOF: Let L be the differential operator defined in (8), and let Y(x) and y,(x) be particular 
solutions of the nonhomogeneous equation L(y) = g(x). If we define u(x) = Y(x) — y,(x), then 
by linearity of L we have 


Lu) = L{ (x) — y,(x)} = LY) — L(y) = g@) — g(x) = 0. 


This shows that u(x) is a solution of the homogeneous equation L(y) = 0. Hence, by Theorem 3.1.5, 
u(x) = Cy y\(X) + Cpy(x) + +++ + ¢,y,(x), and so 


V(x) — YpX) = Cy yx) + Cy Yala) + +++ + Cp Yn) 
or Y(x) = cy (x) + Cy Yo(x) Page sp CrYn) + p(x). 
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| Complementary Function We see in Theorem 3.1.6 that the general solution of a 
nonhomogeneous linear equation consists of the sum of two functions: 


Y = Cp (x) + Cyyy(x) Fore + CpVn(%) + Yp_(X) = yl) + yp). 


The linear combination y.(x) = c, v(x) + cyyo(x) + +++ + c,y,(2), Which is the general solution 
of (6), is called the complementary function for equation (7). In other words, to solve a nonho- 
mogeneous linear differential equation we first solve the associated homogeneous equation and 
then find any particular solution of the nonhomogeneous equation. The general solution of the 
nonhomogeneous equation is then 


y = complementary function + any particular solution. 


| EXAMPLE 10 | General Solution of a Nonhomogeneous DE 


By substitution, the function y,, = —+ — 4x is readily shown to be a particular solution of the 


nonhomogeneous equation 
y"” — 6y” + Illy’ — 6y = 3x. (11) 


In order to write the general solution of (11), we must also be able to solve the associated 
homogeneous equation 


y” — 6y" + Ily’ — 6y = 0. 


But in Example 9 we saw that the general solution of this latter equation on the interval 
(—00, 00) was y, = ce" + c,e* + c,e**. Hence the general solution of (11) on the interval is 


At 
12 


. 1 
yY=yet yy = cye* + ce + c,e% — = is = 


]| Another Superposition Principle The last theorem of this discussion will be useful 
in Section 3.4, when we consider a method for finding particular solutions of nonhomogeneous 
equations. 


Theorem 3.1.7 Superposition Principle—Nonhomogeneous Equations 


Let y,,5 Ypys «++» Yp, be k particular solutions of the nonhomogeneous linear nth-order differen- 
tial equation (7) on an interval J corresponding, in turn, to k distinct functions g;, go, ..., 2. 
That is, suppose y,, denotes a particular solution of the corresponding differential equation 
an(x)y + ay Gy") + ++ + ay’ + any = gx), (12) 
where i = 1, 2,..., k. Then 
VO) = ye yo) sy) (13) 


is a particular solution of 


An(x)y™ + ap (a)y""? + +++ + ay(@)y’ + aga)y 
= g(x) + g(x) +--- + gy). (14) 


PROOF: We prove the case k = 2. Let L be the differential operator defined in (8), and let y,, (x) 
and y,,,(x) be particular solutions of the nonhomogeneous equations L(y) = g)(x) and L(y) = g2(x), 
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respectively. If we define y,(x) = y, (x) + y,,(x), we want to show that y, is a particular solution 
of L(y) = gi(x) + g»(x). The result follows again by the linearity of the operator L: 


L(y,) = L{ Vp, ) + Yp, I a L( Vp, )) at L( Yp,X)) = 8i(X) + 82(X). 


| EXAMPLE 11__ | Superposition—Nonhomogeneous DE 


You should verify that 


i= —4° isaparticular solution of —y” — 3y’ + 4y = —16x? + 24x — 8, 


Da oe is a particular solution of —_y” — 3y’ + 4y = 2e”, 


y= ae is a particular solution of — y" — 3y' + 4y = 2xe*— &*. 


It follows from Theorem 3.1.7 that the superposition of y,, y,,, and y,,, 
yy Yp, + Yp, aie Yp, _ —4x° + eo + xe", 
is a solution of 
y’ — 3y’ + 4y = —16x* + 24x — 8 + 2e™ + 2xe* — &*. 


& (x) 8(X) &3(X) 


This sentence is a generalization » 
of Theorem 3.1.7. 


If the y, are particular solutions of (12) fori = 1,2, ..., k, then the linear combination 
Yp = C1Yp, + ©2Yp, aaa Cp > 


where the c; are constants, is also a particular solution of (14) when the right-hand member of 
the equation is the linear combination 


C18 1X) + Cogo(x) + +++ + CB ,). 


Before we actually start solving homogeneous and nonhomogeneous linear differential equa- 
tions, we need one additional bit of theory presented in the next section. 


REMARKS 


This remark is a continuation of the brief discussion of dynamical systems given at the end 
of Section 1.3. 

A dynamical system whose rule or mathematical model is a linear nth-order differential 
equation 


a,(ty” + a,-\(Oy"? +--+ + ay’ + ay = gO) 


is said to be a linear system. The set of n time-dependent functions y(#), y’(1),..., y¥” (@ are 
the state variables of the system. Recall, their values at some time t give the state of the 
system. The function g is variously called the input function or forcing function. A solution 
y(t) of the differential equation is said to be the output or response of the system. Under the 
conditions stated in Theorem 3.1.1, the output or response y(t) is uniquely determined by 
the input and the state of the system prescribed at a time fp; that is, by the initial conditions 
W(t), Y' (to), «+ W(t). 

In order that a dynamical system be a linear system, it is necessary that the superposition 
principle (Theorem 3.1.7) hold in the system; that is, the response of the system to a superposi- 
tion of inputs is a superposition of outputs. We have already examined some simple linear 
systems in Section 2.7 (linear first-order equations); in Section 3.8 we examine linear systems 
in which the mathematical models are second-order differential equations. 


3.1 Theory of Linear Equations | 115 


| 3.1 Exercises Answers to selected odd-numbered problems begin on page ANS-4. 


3.1.1 Initial-Value and Boundary-Value Problems 


In Problems 1-4, the given family of functions is the general 
solution of the differential equation on the indicated interval. 
Find a member of the family that is a solution of the initial-value 
problem. 

1. y=cye’ + ce *, (—00, 00); y" — y = 0, y(0) = 0, y’(0) = 1 

2. y = cye™ + ce, (—00, 00); y" — 3y’ — 4y = 0, y(0) = 1, 
y'(0)=2 

3. y = cx + cx In x, (0, 00); xy" — xy’ + y = 0, y(1) = 3, 
y¥Q==1 

4. y =c, + c, cos x + cy sin x, (—o0, 00); y” + y’ = 0, 
Mr) = 0, ¥'Gr) = 2,9 Gr) = 1 

5. Given that y = c, + cx” is atwo-parameter family of solutions 
of xy” — y’ = 0 on the interval (—oo, 00), show that constants 
c, and c, cannot be found so that a member of the family 
satisfies the initial conditions y(0) = 0, y’(0) = 1. Explain 
why this does not violate Theorem 3.1.1. 

6. Find two members of the family of solutions in Problem 5 
that satisfy the initial conditions y(0) = 0, y’(0) = 0. 

7. Given that x(t) = c, cos wt + c, sin wt is the general solution 
of x” + w*x = 0 on the interval (—oo, 00), show that a solution 
satisfying the initial conditions x(0) = x9, x'(0) = x, is 
given by 


, 
x(t) = Xp COS wt + i sin wt. 


8 Use the general solution of x” + w*x = 0 given in Problem 7 to 
show that a solution satisfying the initial conditions x(to) = xo, 
x'(to) = x), is the solution given in Problem 7 shifted by an 
amount fp: 


“, 
x(t) = Xp COS w(t — fy) + a sin w(t— fp). 


In Problems 9 and 10, find an interval centered about x = 0 for 
which the given initial-value problem has a unique solution. 
9. (x — 2)y" + 3y = x, y(0) = 0, y'(0) = 1 
10. y” + (tan xy = e*, y(0) = 1, y'(0) = 0 
11. (a) Use the family in Problem 1 to find a solution of 
y" — y = 0 that satisfies the boundary conditions 
yO) = 0, y1) = 1. 

(b) The DE in part (a) has the alternative general solution 
y = c3 cosh x + cy sinh x on (—oo, oo). Use this family to 
find a solution that satisfies the boundary conditions in 
part (a). 

(c) Show that the solutions in parts (a) and (b) are equivalent. 


12. Use the family in Problem 5 to find a solution of xy" — y’ = 0 
that satisfies the boundary conditions y(0) = 1, y’(1) = 6. 


In Problems 13 and 14, the given two-parameter family is a 
solution of the indicated differential equation on the interval 
(—co, 00). Determine whether a member of the family can be 
found that satisfies the boundary conditions. 
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13. y=cye'cosx + ce sinx; y’ — 2y' + 2y=0 
(a) y(0) = 1, y'(7) = 0 (b) yO) = 1,7) = —1 
(c) yO)=1,y(w/2)=1 dd) y(0) = 0, yr) = 0 
14. y= cx" + cnx" + 3; xy” — Say’ + By = 24 
(a) y(—1) = 0, yx) = 4 (b) y(O) = 1, yd) = 2 
(c) y(0) = 3, x1) =0 (d) y(1) = 3, 2) = 15 


3.1.2 Homogeneous Equations 


In Problems 15-22, determine whether the given set of 
functions is linearly dependent or linearly independent on 
the interval (—oo, 00). 


15. f(x) = x, Ax) = x, f(x) = 4x -3x7 
16. f\(x) = 0, Slx) = x, A(x) =e 

17. fix) = 5, file) =cos’x, f(x) = sin’x 
18. f(x) = cos 2x,  fa(x) = 1, fx(x) = cos?x 
19. fi(x) = x, fio=x-l, fi) =x+3 
2. f(xy)=2+x, fh) =24+ Isl 

aA. f@=al+x, f@=x, hoax 

22. f(x) =e, fx) =e, fx(x) = sinh x 


In Problems 23-30, verify that the given functions form a 
fundamental set of solutions of the differential equation on 
the indicated interval. Form the general solution. 


23. y’—y' — 12y =0; e **, e, (—00, 00) 

24. y” — 4y = 0; cosh 2x, sinh 2x, (—oco, co) 

25. y” — 2y' + 5y = 0; e* cos 2x, e* sin 2x, (—co, co) 

26. 4y” — 4y’ + y =0; e*”, xe*”, (—00, 00) 

27. xy" — 6xy’ + 12y = 0; x°, x", (0, 00) 

28. x°y’ + xy’ + y = 0; cos(In x), sin(In x), (0, 00) 

29. x*y" + 6x’y" + 4xy’ — 4y = 0; x, x°?, x7 In x, (0, 00) 


30. y? + y’ = 0; 1, x, cos x, sin x, (—00, 00) 


3.1.3 Nonhomogeneous Equations 


In Problems 3 1—34, verify that the given two-parameter family 
of functions is the general solution of the nonhomogeneous 
differential equation on the indicated interval. 


31. y” — Ty’ + 10y = 24e’; 

y = ce” + ce + 6e*, (—00, 00) 
32. y” + y = sec x; 

y=c, cosx + c) sinx + x sinx + (cos x) In(cos x), (—77/2, 77/2) 
33. y” — 4y’ + 4y = 2e* + 4x — 12; 


y = cye* + enxe* + xe + x — 2, (—00, 00) 


34. 2x7y" + Sxy’ ty HX -— 39. (a) Verify that y, = x° and y, = lx? are linearly independent 
y=ox? tox! + £2 - bx, (0,00) solutions of the differential equation xy" — 4xy’ + 6y =0 
; - ‘ : on the interval (—oo, 00). 
35. (a) Verify that y,, = 3e“ and y,, = x" + 3x are, respectively, (b) For the functions y, and y, in part (a), show that W(y,, y>) = 0 
particular solutions of for every real number x. Does this result violate Theorem 
y" — 6y’ + Sy = —9e* 3.1.3? Explain. 
F : . (c) Verify that Y, = x° and Y, = x? are also linearly indepen- 
and yi — by! + Sy = Sx" + 3x — 16. dent solutions of the differential equation in part (a) on 
(b) Use part (a) to find particular solutions of the interval (—oo, co). 
, ; ; - (d) Besides the functions y,, y2, Y;, and Y, in parts (a) and 
y — by! + Sy = Sx + 3x — 16 — 9e" (c), find a solution of the differential equation that satis- 
and yy" — 6y’ + Sy = —10x” — 6x + 32 + e™. fies y(0) = 0, y’(O) = 0. 
; : ; ; (e) By the superposition principle, Theorem 3.1.2, both lin- 
36. (a) By inspection, find a particular solution of ear combinations y = c,y, + cy, and Y = c\Y, + cx¥5 
y" + 2y = 10. are solutions of the differential equation. Discuss whether 
; : ion : one, both, or neither of the linear combinations is a gen- 
(b) By inspection, find a particular solution of eral solution of the differential equation on the interval 
y" + 2y = —Ax. (—00, 00). 
40. Is the set of functi =e" = e* 3 linearly de- 
(c) Find a particular solution of y” + 2y = —4x + 10. cape soir en A) Sha Pa 
; ; ; 7 pendent or linearly independent on the interval (—oo, 00)? 
(d) Find a particular solution of y" + 2y = 8x + 5. Discuss. 
Discussion Problems 41. Suppose y,, y2,..., y,arek linearly independent solutions on 
(—co, 00) of a homogeneous linear nth-order differential equa- 
37. Letn = 1,2, 3,.... Discuss how the observations D"x""' = 0 tion with constant coefficients. By Theorem 3.1.2 it follows 
and D"x" = n! can be used to find the general solutions of the that y,,,; = 0 is also a solution of the differential equation. Is 
given differential equations. the set of solutions y,, yo, ..., Yg, Ye+1 linearly dependent or 
(a) y’=0 (b) y"=0 linearly independent on (—co, oo)? Discuss. 
(c) yX=0 (d) y"=2 42. Suppose that y,, y2,..., y, are k nontrivial solutions of a ho- 
(e) y” =6 (f) y° = 24 mogeneous linear nth-order differential equation with constant 
38. Suppose that y, = e‘ and y) = e * are two solutions of a ho- coefficients and that k = n + 1. Is the set of solutions 


mogeneous linear differential equation. Explain why 
y3 = cosh x and y, = sinh x are also solutions of the equation. 


V1, Ya, ---, x linearly dependent or linearly independent on 
(—o0, 00)? Discuss. 


3.2 Reduction of Order 


INTRODUCTION In Section 3.1 we saw that the general solution of a homogeneous linear 


second-order differential equation 
a,(x)y" + ay(a)y' + ag(x)y = 0 (1) 


was a linear combination y = c,y, + C2y2, where y, and y, are solutions that constitute a linearly 
independent set on some interval /. Beginning in the next section we examine a method for 
determining these solutions when the coefficients of the DE in (1) are constants. This method, 
which is a straightforward exercise in algebra, breaks down in a few cases and yields only a 
single solution y, of the DE. It turns out that we can construct a second solution y, of a homo- 
geneous equation (1) (even when the coefficients in (1) are variable) provided that we know 
one nontrivial solution y, of the DE. The basic idea described in this section is that the linear 
second-order equation (1) can be reduced to a linear first-order DE by means of a substitution 
involving the known solution y,. A second solution, y, of (1), is apparent after this first-order 
DE is solved. 


I] Reduction of Order Suppose y(x) denotes a known solution of equation (1). We seek 


a second solution y2(x) of (1) so that y, and y, are linearly independent on some interval J. 
Recall that if y, and y, are linearly independent, then their ratio y,/y, is nonconstant on J; that is, 
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yo/y, = u(x) or yo(x) = u(x)y,(x). The idea is to find u(x) by substituting y2(x) = u(x)y\(x) into 
the given differential equation. This method is called reduction of order since we must solve a 
first-order equation to find uw. 

The first example illustrates the basic technique. 


| EXAMPLE1 | Finding a Second Solution 


Given that y; = e* is a solution of y” — y = 0 on the interval (—oo, oo), use reduction of order 
to find a second solution yp. 


SOLUTION If y = u(x)y\(x%) = u(x)e’, then the first two derivatives of y are obtained from 
the product rule: 


y =ue't+eu', y' =ue*+ 2e%u' + eru". 
By substituting y and y” into the original DE, it simplifies to 
y-y=er(u" + 2u') =0. 


Since e* # 0, the last equation requires wu” + 2u' = 0. If we make the substitution w = u’, this 
linear second-order equation in u becomes w’ + 2w = 0, which is a linear first-order equation 
in w. Using the integrating factor e”*, we can write d/dx [e*w] = 0. After integrating we get 


w=ce ~“oru' = ce ~. Integrating again then yields u = —}c,e ** + cy. Thus 
— x — C1 mae alt x 
y = u(x)e i (2) 
By choosing c, = 0 and c, = —2 we obtain the desired second solution, y, = e *. Because 


W(e*, e *) # 0 for every x, the solutions are linearly independent on (—oo, oo). = 


Since we have shown that y, = e* and y, = e “are linearly independent solutions of a linear 
second-order equation, the expression in (2) is actually the general solution of y” — y = 0 on 
the interval (—co, co). 


|| General Case Suppose we divide by a,(x) in order to put equation (1) in the standard form 
y" + Py’ + O@)y = 0, (3) 


where P(x) and Q(x) are continuous on some interval J. Let us suppose further that y,(x) 
is a known solution of (3) on J and that y,(x) # 0 for every x in the interval. If we define 
y = u(x)y,(x), it follows that 


y=uyytyw, y= uyy + 2yfu' + yu" 
y" + Py’ + Oy = uly + Py + Oy] + ye" + Qyy + Py,’ = 0. 
Zero 
This implies that we must have 
yu" + (2yi + Py)u' =O or yyw! + (yy; + Py)w = 0, (4) 


where we have let w = u'. Observe that the last equation in (4) is both linear and separable. 
Separating variables and integrating, we obtain 


d , 
eo ee Peso 
w yy 

In|wy;| = -|Pa +c or wyt = ce Shae, 


We solve the last equation for w, use w = u’, and integrate again: 
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By choosing c, = | and c, = 0, we find from y = u(x)y,(x) that a second solution of equation (3) is 


e —JP(x) dx 


yi(x) 


a2 0= 09] (5) 


It makes a good review of differentiation to verify that the function y,(x) defined in (5) satisfies 
equation (3) and that y, and y, are linearly independent on any interval on which y,(x) is not zero. 


| EXAMPLE2 | A Second Solution by Formula (5) 


The function y, = x° is a solution of xy” — 3xy’ + 4y = 0. Find the general solution on the 
interval (0, oo). 


SOLUTION From the standard form of the equation 


y Sg 4 
yoy = as 9, 


essdix : 
2 3fdx/x xe 3 
x | ; dx <e fdxlx elnx =x 


xX 


we find from (5) yo 


d. 
= |S = x7Inx. 
x 


The general solution on the interval (0, oo) is given by y = c,y, + Coy; that is, y = cx + 
2 = 
Cox" In x. = 


REMARKS 


(i) We have derived and illustrated how to use (5) because this formula appears again in the 
next section and in Section 5.2. We use (5) simply to save time in obtaining a desired result. 
Your instructor will tell you whether you should memorize (5) or whether you should know 
the first principles of reduction of order. 
(ii) The integral in (5) may be nonelementary. In this case we simply write the second solution 
in terms of an integral-defined function: 


x e JP@at 


dt, 


y2(x) = to Rie 


where we assume that the integrand is continuous on the interval [xo, x]. See Problems 21 and 
22 in Exercises 3.2. 


S25) |Exercises| Answers to selected odd-numbered problems begin on page ANS-5. 


In Problems 1—16, the indicated function y,(x) is a solution 6. y" — 25y = 0; cd a 
of the given equation. Use reduction of order or formula (5), 7. Sy" — 12y' + 4y = 0; “=e 
as instructed, to find a second solution y,(x). 8 6y’+y'—y=0; yee 
1. y’ —4y’ + 4y=0; jae 9, xy" — Txy' + 16y = 0; y=x 
2. y" + 2y’ +y=0; y, = xe™* 10. xy" TF 2xy’ — by =0; y= x 
3. y+ l6y =0; yi = cos 4x Mey yo i 
4. y"+ 9y = 0; y, = sin 3x 12, 4x°y’ + y = 0; y, = x'? Inx 
5. y’-y=0; y, = coshx 13, xy" — xy’ + 2y = 0; y, = x sin(In x) 
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14. xy" — 3xy’ + 5y = 0; y, = x’ cos(In x) 
15. (1 — 2x-2x)y"+ 201+ xy’ -2y=0; y,=xt+1 
16. (1 — x*)y" + 2xy’ = 0; y,=1 


In Problems 17-20, the indicated function y,(x) is a solution of 
the associated homogeneous equation. Use the method of reduc- 
tion of order to find a second solution y>(x) of the homogeneous 
equation and a particular solution y,(x) of the given nonhomoge- 
neous equation. 


17. y" — 4y = 2; yoe 
18. y’+y' =1; y=l 
19. y" — 3y’ + 2y = 5e™; y, =e 
20. y” — 4y' + 3y =x; y, =e" 


In Problems 21 and 22, the indicated function y,(x) is a solution 
of the given differential equation. Use formula (5) to find a 
second solution y>(x) expressed in terms of an integral-defined 
function. See (ii) in the Remarks at the end of this section. 

21. ry" +(-—vy +d-vy=0; y =x 

22. 2xy”— (2x + lyy’ +y=0; yp=e 


Discussion Problems 


23. (a) Give a convincing demonstration that the second-order 
equation ay” + by’ + cy = 0, a, b, andc constants, always 


possesses at least one solution of the form y, = e”"*, m, 
a constant. 

(b) Explain why the differential equation in part (a) must then 
have a second solution, either of the form y, = e””, or 
of the form y, = xe”, m, and m, constants. 

(c) Reexamine Problems 1-8. Can you explain why the state- 
ments in parts (a) and (b) above are not contradicted by 
the answers to Problems 3—5? 

24. Verify that y,(x) = x is a solution of xy” — xy’ + y = 0. 

Use reduction of order to find a second solution y,(x) in the form 

of an infinite series. Conjecture an interval of definition for y,(x). 


Computer Lab Assignment 


25. (a) Verify that y,(x) = e* is a solution of 
xy" — (x + 10)y’ + 10y = 0. 


(b) Use (5) to find a second solution y,(x). Use a CAS to carry 
out the required integration. 

(c) Explain, using Corollary (a) of Theorem 3.1.2, why the 
second solution can be written compactly as 


10 


1 
ya) = Dat 


n=0 
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33 Homogeneous Linear Equations with Constant Coefficients 


INTRODUCTION We have seen that the linear first-order DE y’ + ay = 0, where a isa 
constant, possesses the exponential solution y = cye “ on the interval (—co, co). Therefore, it is 
natural to ask whether exponential solutions exist for homogeneous linear higher-order DEs 


Gn¥™ + ayy" + +++ + ayy’ + apy = 0, " 


where the coefficients a,;, i = 0, 1,..., 1 are real constants and a, # 0. The surprising fact is that 
all solutions of these higher-order equations are either exponential functions or are constructed 
out of exponential functions. 


I Auxi liary Equation Webegin by considering the special case of a second-order equation 
ay" + by’ + cy =0. (2) 


mx 2 /,mx 


If we try a solution of the form y = e”", then after substituting y’ = me“ and y” = me” equa- 


tion (2) becomes 
ame" + bme"™ + ce™ =0 or e™ (am? + bm +c) =0. 


Since e”” is never zero for real values of x, it is apparent that the only way that this exponential 
function can satisfy the differential equation (2) is to choose m as a root of the quadratic equation 


an? +bm+c=0. (3) 


This last equation is called the auxiliary equation of the differential equation (2). Since the two 


roots of (3) are m, = (—b + Vb* — 4ac)/2a and m, = (—b — Vb? — 4ac)/2a, there will be 


three forms of the general solution of (1) corresponding to the three cases: 


e my, and m,are real and distinct (b* — 4ac > 0), 
° mj, and mare real and equal (b” — 4ac = 0), and 
* my, and m, are conjugate complex numbers (b? — 4ac < 0). 


We discuss each of these cases in turn. 
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CaseI: Distinct Real Roots Under the assumption that the auxiliary equation (3) 
has two unequal real roots m, and my, we find two solutions, y, = e”” and 
yy = e”", respectively. We see that these functions are linearly independent 
on (—oo, co) and hence form a fundamental set. It follows that the general 
solution of (2) on this interval is 


y=ce™" + ce. (4) 


Case II: Repeated Real Roots When m, = m we necessarily obtain only one expo- 
nential solution, y, = e””. From the quadratic formula we find that m, = —b/2a 
since the only way to have m, = m, is to have b* — 4ac = 0. It follows from 
the discussion in Section 3.2 that a second solution of the equation is 


2mx 
e : 
y= em| dx = em | a =.xe""", (5) 


2m\x 
eam 


In (5) we have used the fact that —b/a = 2m,. The general solution is then 
y=cye™™ + cyxe™., (6) 


Case IIT: Conjugate Complex Roots If m, and m, are complex, then we can write 
m, = a + iB and m, = a — iB, where a and B > O are real and i? = —1. 
Formally, there is no difference between this case and Case I, hence 


y = Cet Px + Cre, 


However, in practice we prefer to work with real functions instead of complex 
exponentials. To this end we use Euler’s formula: 


e® =cos@ + isin8, 


where 6@ is any real number.* It follows from this formula that 


e®* = cos Bx +isinBx and e ' =cos Bx—isin Bx, (7) 
where we have used cos(— Bx) = cos Bx and sin(— Bx) = —sin Bx. Note that 
by first adding and then subtracting the two equations in (7), we obtain, 
respectively, 


e'®* + e'® =2cosBx and e'” — e* = Ji sin Bx. 


Since y = C,e**'®)* + Cye'®* is a solution of (2) for any choice of the 
constants C, and C;, the choices C, = C, = 1 and C, = 1, C, = —1 give, in 
turn, two solutions: 


y = ela tipyx + e(e—iB)x and V5 = eet iB)x _ ele tB)x, 


But y, = e*(e'P® + PY) = Qe cos Bx 
and yo = e*(e'®* — e+) = 2ie™ sin Bx. 
*A formal derivation of Euler’s formula can be obtained from the Maclaurin series e* = > oy in! by 
n= 
substituting x = 10, using 7 = —1, 7 = —i, ..., and then separating the series into real and imaginary 


parts. The plausibility thus established, we can adopt cos 6 + i sin @ as the definition of e’°. 


3.3 Homogeneous Linear Equations with Constant Coefficients | 121 


FIGURE 3.3.1 Graph of solution of IVP in 
Example 2 
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Hence from Corollary (a) of Theorem 3.1.2 the last two results show that e“* cos Bx and 
e*sin Bx are real solutions of (2). Moreover, these solutions form a fundamental set on 
(—co, 00). Consequently, the general solution of (2) on (—co, oo) is 


y = c,e™ cos Bx + c,e™ sin Bx = e“(c, cos Bx + c, sin Bx). (8) 


| EXAMPLE1 | Second-Order DEs 


Solve the following differential equations. 
(a) 2y"— Sy'—3y=0 (b) y"— 10y' + 2y=0 (© y+ 4y'+Ty=0 


SOLUTION We give the auxiliary equations, the roots, and the corresponding general solutions. 
(a) 2m? — 5m — 3 = (2m + 1)(m — 3), m, = —5, m, = 3. From (4), 


ye ce ”* ce". 
(b) m* — 10m + 25 = (m — 5)’, m, = m, = 5. From (6), 
5x 


y = cye™ + coxe 


(ce) m+ 4m+7=0,m, = —2 + V3i, m = —2 — V3i. From (8) with a = —2, 
B= V3, we have 


y=e *(c,cos V3x + c,sinV3x). 


| EXAMPLE2 | An Initial-Value Problem 


Solve the initial-value problem 4y” + 4y’ + 17y = 0, y(0) = —1, y'(O) = 2. 
SOLUTION By the quadratic formula we find that the roots of the auxiliary equation 4m? + 4m + 


17 = Oare m, = —5 + 2iand m, = —}5 — 2i. Thus from (8) we have y = e~*”(c, cos 2x + 
Cy sin 2x). Applying the condition y(0) = —1, we see from e°(c; cos 0 + c, sin0) = —1 
that c, = —1. Differentiating y = e **(—cos 2x + c, sin 2x) and then using y’(0) = 2 gives 


2c, + 4 = 2 or cy = f. Hence the solution of the IVP is y = e *”(—cos 2x + jsin 2x). In 
FIGURE 3.3.1 we see that the solution is oscillatory but y > 0 as x > 00. 


Hi Two Equations Worth Knowing The two differential equations 
y'+kRy=0 and y'’-ky=0, 


kreal, are important in applied mathematics. For y” + k’y = 0, the auxiliary equation m? + k? = 0 
has imaginary roots m, = ki and m, = —ki. With a = 0 and 6 = k in (8), the general solution 
of the DE is seen to be 


y =c,cos kx + c, sin kx. (9) 


On the other hand, the auxiliary equation m* — k* = 0 for y" — k’y = 0 has distinct real roots 
m, = kand m, = —kand so by (4) the general solution of the DE is 


y=qe"+ ae". (10) 


Notice that if we choose c; = c, = 5 and c, = 4, c) = —4 in (10), we get the particular solutions 
y = 5(e* + e®) = cosh kx and y = $(e® — e~™) = sinh kx. Since cosh kx and sinh kx are 
linearly independent on any interval of the x-axis, an alternative form for the general solution 
of y’ — ky = Ois 


y = c, cosh kx + c, sinh kx. (11) 


See Problems 41, 42, and 62 in Exercises 3.3. 
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Hi Hig her-Order Eq uations In general, to solve an nth-order differential equation 


An¥™ + dyyy" "9 + +++ + ay" + ayy! + ay = 0, (12) 
where the a;, i = 0, 1, ..., nm are real constants, we must solve an nth-degree polynomial equation 
a,m" + a,_\m" | + +» + ann’? + aym + ay = 0. (13) 


If all the roots of (13) are real and distinct, then the general solution of (12) is 
+= ee + ee" 2 eee c,e™. 


It is somewhat harder to summarize the analogues of Cases II and III because the roots of an 
auxiliary equation of degree greater than two can occur in many combinations. For example, 
a fifth-degree equation could have five distinct real roots, or three distinct real and two com- 
plex roots, or one real and four complex roots, or five real but equal roots, or five real roots 
but with two of them equal, and so on. When m, is a root of multiplicity k of an nth-degree 
auxiliary equation (that is, k roots are equal to m,), it can be shown that the linearly independent 
solutions are 


mx mx 2 mx k-1 mx 


er KO MO ae Ke 


and the general solution must contain the linear combination 


cje™™ + exe ae axe 4B seq ae ae ae ie 


Lastly, it should be remembered that when the coefficients are real, complex roots of an auxiliary 
equation always appear in conjugate pairs. Thus, for example, a cubic polynomial equation can 
have at most two complex roots. 


| EXAMPLE3 | Third-Order DE 


Solve y” + 3y” — 4y = 0. 


SOLUTION It should be apparent from inspection of m? + 3m? — 4 = 0 that one root is 
m, = 1 and so m — 1 isa factor of m* + 3m? — 4. By division we find 


nm? + 3m — 4 = (m — 1)(m’ + 4m + 4) = (m — Im F_ 2Y’, 


and so the other roots are m, = m3; = —2. Thus the general solution is 


2x 


y = cye* + ce ™ + cyxe™ 


| EXAMPLE 4 | Fourth-Order DE 
a ae, 
dt dx? 
SOLUTION The auxiliary equation m* + 2m? + 1 = (m? + 1)? = Ohas roots m, = m; =i 
and m, = m, = —i. Thus from Case II the solution is 


Solve 


y = Cie™ + Coe ® + Cyxe™ + Cyxe™. 


By Euler’s formula the grouping C,e’* + C,e" can be rewritten as c, cos x + c> sin x after a 
relabeling of constants. Similarly, x(C3e’* + Cye ') can be expressed as x(c3 cos x + C4 Sin x). 
Hence the general solution is 


y =c,cosx + c) sinx + c3x cos x + c4x sin x. 
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Example 4 illustrates a special case when the auxiliary equation has repeated complex roots. 
In general, if m,; = a + iB, B > 0, is a complex root of multiplicity k of an auxiliary equation 
with real coefficients, then its conjugate m, = a — if is also a root of multiplicity k. From the 
2k complex-valued solutions 


elt B)x xe Bx eer iPr nes xk lelatip)x 
el Px xe Px x eB a xk Tela ip)x 


we conclude, with the aid of Euler’s formula, that the general solution of the corresponding differ- 
ential equation must then contain a linear combination of the 2 real linearly independent solutions 


k- 1 ox 


e™ cos Bx, xe“ cos Bx, xe cos Bx,..., Xx cos Bx 


k- 1 ax 


e™ sin Bx, xe“ sin Bx, x°e™ sin Bx,..., x sin Bx. 


In Example 4 we identify k = 2,a = 0, and B = 1. 


Hi Rational Roots Of course the most difficult aspect of solving constant-coefficient 
differential equations is finding roots of auxiliary equations of degree greater than two. 
Something we can try is to test the auxiliary equation for rational roots. Recall from precalcu- 
lus mathematics, if m, = p/q is a rational root (expressed in lowest terms) of a polynomial 
equation a,m" + --- + aym + dy = 0 with integer coefficients, then the integer p is a factor of 
the constant term ay and the integer g is a factor of the leading coefficient a,,. 


| EXAMPLES | Finding Rational Roots 


Solve 3y"” + 5y"+ 10y’ — 4y = 0. 


SOLUTION To solve the equation we must solve the cubic polynomial auxiliary equation 
3m? + 5m* + 10m — 4 = 0. With the identifications ag = —4 and a, = 3 then the integer 
factors of dp and a; are, respectively, p: +1, +2, +4 and gq: +1, +3. So the possible rational 
roots of the cubic equation are 


Pp i 2 4 


—: +], +2,4+4,4+— 4+-— +— 


3 8 


Each of these numbers can then be tested—say, by synthetic division. In this way we discover 
both the root m, = } and the factorization 


3m? + 5m? + 10m — 4 = (m — 43m? + 6m + 12). 


The quadratic formula applied to 3m? + 6m + 12 = 0 then yields the remaining two roots 
m, = —1 — V3iand m, = —1 + V3i. Therefore the general solution of the given differ- 


ential equation is y = ce? + e (cy) cosV3x + c; sinV3x). = 


I| Use of Computers Finding roots or approximations of roots of polynomial equations 
is aroutine problem with an appropriate calculator or computer software. The computer algebra 
systems Mathematica and Maple can solve polynomial equations (in one variable) of degree less 
than five in terms of algebraic formulas. For the auxiliary equation in the preceding paragraph, 
the commands 


Solve[3 ma3 + 5ma2+ 10m — 4==0,m]_ (in Mathematica) 
solve(3*ma3 + 5*ma2 + 10*m — 4, m); (in Maple) 


yield immediately their representations of the roots 3, —1 + V3i, —1 —V3i. For auxiliary 
equations of higher degree it may be necessary to resort to numerical commands such as NSolve 
and FindRoot in Mathematica. Because of their capability of solving polynomial equations, it 
is not surprising that some computer algebra systems are also able to give explicit solutions of 
homogeneous linear constant-coefficient differential equations. For example, the inputs 


DSolve [y"[x] + 2 y’[x] + 2 y[x] == 0, y[x], x] (in Mathematica) 
dsolve(diff(y(x), x$2) + 2*diff(y(x), x) + 2*y(x) = 0, y(x));_ (in Maple) 
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give, respectively, 


- C[2] Cos [x] — C[1] Sin [x] 


ys) = Ee 


(14) 


and y(x) = _Cl exp(-x) sin(x) — _C2 exp(—x) cos(x) 


Translated, this means y = c,e *cos x + cye “sin xis a solution of y” + 2y’ + 2y = 0. 
In the classic text Differential Equations by Ralph Palmer Agnew* (used by the author as a 
student), the following statement is made: 


It is not reasonable to expect students in this course to have computing skills and 
equipment necessary for efficient solving of equations such as 


d+y d’y d’y 
ASI — a 2119 == & 1416. —; 
dx ax dx 


dy 
+ 1.295 — + 3.169y = 0. (15) 
dx 


Although it is debatable whether computing skills have improved in the intervening years, it is a 
certainty that technology has. If one has access to a computer algebra system, equation (15) could 
be considered reasonable. After simplification and some relabeling of the output, Mathematica 
yields the (approximate) general solution 


y = cye * 7885 cgs(0.618605x) + c,e°778852* sin(0.618605x) 


+ c,¢e7 9476478" 69 8(0.759081x) + ese” 047478 sin(0.759081x). 


We note in passing that the DSolve and dsolve commands in Mathematica and Maple, like most 
aspects of any CAS, have their limitations. 

Finally, if we are faced with an initial-value problem consisting of, say, a fourth-order differential 
equation, then to fit the general solution of the DE to the four initial conditions we must solve a 
system of four linear equations in four unknowns (the cj, Cy, C3, C4 in the general solution). Using 
a CAS to solve the system can save lots of time. See Problems 35, 36, 69, and 70 in Exercises 3.3. 


*McGraw-Hill, New York, 1960. 


REMARKS 


In case you are wondering, the method of this section also works for homogeneous linear 
first-order differential equations ay’ + by = O with constant coefficients. For example, to 


solve, say, 2y’ + 7y = 0, we substitute y = e’”” into the DE to obtain the auxiliary equation 
= fky a 


2m + 7 = 0. Using m = —3, the general solution of the DE is then y = c,e 


[ees] Exercises Answers to selected odd-numbered problems begin on page ANS-5. 


In Problems 1-14, find the general solution of the given 16. y”-y=0 
second-order differential equation. 17. y” — 5y” + 3y' + 9y =0 
1. 4y" =F y" =0 2. y” — oy =0 18. y” a 3y" _ Ay’ — 12y =0 
3. y"— y' — by = 0 4. y" — 3y' + 2y=0 aa 
5. y" + 8y’ + loy =0 6. y"’ — 10y’ + 25y = 0 1 a = oe = 0 
7. 12y" — 5y’ — 2y=0 8 y+ 4y’-y=0 dt dt 
” = “d = a ad’ 
9. y+ 9y=0 10. 3y"+y=0 20. we * _ 4x =0 
11. y”— 4y’ + 5y=0 12, 2y"+ 2y'’+y=0 dt dt 
13. 3y” + 2y'+y=0 14. 2y" — 3y' + 4y =0 21. y” + 3y" + 3y' +y=0 
In Problems 15-28, find the general solution of the given 22. y" — oy" + 12y' — 8y = 0 
higher-order differential equation. 23. yO+ty"+y"=0 
15. y” — 4y"” — 5y’ = 0 24, y) — 2y"+ y=0 
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dy d’y 
25. 16 a + 24 i + 9y=0 
d‘y d’y 
26. Pr 18y = 
i ee gt tg ee SG 
. = = Uu — 
dr° dr* dr? dr? dr 
d> d* d?> e d2 
ve. 22 — 722 4 9 4 9 = 0 
ds ds ds ds 


In Problems 29-36, solve the given initial-value problem. 


29. y" + loy = 0, y(0) = 2, y'(0) = -2 
d’y 
30. —~ + y=0, y(m/3) = 0, y'(a7/3) = 2 


de 
d*y dy 
HM. 7 — 45 - Sy = 0, WL) = Oy) =2 


32. 4y" — 4y’ — 3y = 0, y(0O) = 1, y'(0) =5 

33. y’ + y’ + 2y=0, yO) = y’(0) = 0 

34. y" — 2y’ + y =0, yO) = 5, y’(0) = 10 

35. y” + 12y" + 36y’ = 0, y(0) = 0, y'(0) = 1, y"(0) = —-7 
36. y” + 2y" — 5y’ — by = 0, y(0) = y’(0) = 0, y"(0) = 1 


In Problems 37—40, solve the given boundary-value problem. 
37. y” — 10y’ + 25y = 0, yO) = 1, v1) = 0 

38. y" + 4y = 0, y(0) = 0, y(7) = 0 

39. y’ + y=0, y’(0) =0, y'(7/2) = 0 

40. y" — 2y' + 2y = 0, y(0) = 1, (m7) = 1 


In Problems 41 and 42, solve the given problem first using the 
form of the general solution given in (10). Solve again, this time 
using the form given in (11). 

aM. y”— 3y =0, yO) = 1, y’(0) =5 

42. y’—y=0, yO) = 1, y’) =0 


In Problems 43-48, each figure represents the graph of 
a particular solution of one of the following differential 
equations: 
(a) y= sy =4y =0 
(c) y+ 2y'+y=0 
(e) y” + 2y’ + 2y=0 


(b) y" + 4y=0 
(d) y"+y=0 
(f) y"— 3y' + 2y=0 


Match a solution curve with one of the differential equations. 
Explain your reasoning. 


43. F 44. 


FIGURE 3.3.2 Graph for 
Problem 43 


FIGURE 3.3.3 Graph for 
Problem 44 
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45. y 46. 


FIGURE 3.3.4 Graph for 
Problem 45 


FIGURE 3.3.5 Graph for 
Problem 46 


47. y 48. 


FIGURE 3.3.6 Graph for 
Problem 47 


FIGURE 3.3.7 Graph for 
Problem 48 


In Problems 49-58, find a homogeneous linear differential equa- 
tion with constant coefficients whose general solution is given. 


49. y = cie* + coe™ 
5. y=ce*+oae* 
51. y =c, + ce* 


52. y= ce ™ + exe 


53. y = c,cos8x + cysin8x 

54. y = c, cosh $x + c, sinh 5x 

55. y = c,e*cosx + cye*sinx 

56. y = c, + c,e “cos 5x + ce “sin 5x 
57. y=c, + ex + ce™ 


. y = c,cosx + c)sinx + c3 x + c4sin3x 
58 cosx + c,sinx + c;cos3x + c,sin3 


Discussion Problems 


59. Two roots of a cubic auxiliary equation with real coefficients 
are m, = —; and m, = 3 + i. What is the corresponding 
homogeneous linear differential equation? 

60. Find the general solution of y” + 6y" + y' — 34y = Oif it is 
known that y, = e ** cos x is one solution. 

61. To solve y? + y = 0 we must find the roots of m* + 1 = 0. 
This is a trivial problem using a CAS, but it can also be done 
by hand working with complex numbers. Observe that 
m' + 1 = (mm + 1) — 2m’. How does this help? Solve the 
differential equation. 

62. Verify that y = sinh x — 2 cos (x + 7/6) is a particular solution 
of y* — y = 0. Reconcile this particular solution with the 
general solution of the DE. 


63. Consider the boundary-value problem y” + Ay = 0, y(0) = 0, 
y(77/2) = 0. Discuss: Is it possible to determine real values of 
A so that the problem possesses (a) trivial solutions? (b) non- 
trivial solutions? 

64. In the study of techniques of integration in calculus, certain 
indefinite integrals of the form f e“ f(x) dx could be evaluated 
by applying integration by parts twice, recovering the origi- 
nal integral on the right-hand side, solving for the original 
integral, and obtaining a constant multiple kf e“ f(x) dx on 
the left-hand side. Then the value of the integral is found by 
dividing by k. Discuss: For what kinds of functions fdoes the 
described procedure work? Your solution should lead to a 
differential equation. Carefully analyze this equation and 
solve for f 


Computer Lab Assignments 


In Problems 65-68, use a computer either as an aid in solving the 
auxiliary equation or as a means of directly obtaining the general 
solution of the given differential equation. If you use a CAS to 


obtain the general solution, simplify the output and, if necessary, 
write the solution in terms of real functions. 

65. y” — 6y" + 2y’+ y=0 

66. 6.1 1y” + 8.59y" + 7.93y' + 0.778y = 0 

67. 3.15y — 5.34y" + 6.33y’ — 2.03y = 0 

68. y + 2y” — y' + 2y=0 


In Problems 69 and 70, use a CAS as an aid in solving the 
auxiliary equation. Form the general solution of the differential 
equation. Then use a CAS as an aid in solving the system 

of equations for the coefficients c;, i = 1, 2, 3, 4 that result 
when the initial conditions are applied to the general 

solution. 


69. 2y + 3y” — 16y" + 15y’ — 4y =0, 

y(0) = —2, y'(0) = 6, yO) = 3, y"(0) = 5 
70. y — 3y” + 3y" — y’ =0, 

y(0) = y’(0) = 0, y") = y"(0) = 1 


3.4 Undetermined Coefficients 


INTRODUCTION | To solve a nonhomogeneous linear differential equation 


any” de cio + +++ + ayy’ + agy = g(x) (1) 


we must do two things: (i) find the complementary function y,; and (ii) find any particular solu- 
tion y, of the nonhomogeneous equation. Then, as discussed in Section 3.1, the general solution 
of (1) on an interval Jis y = y, + yp. 

The complementary function y, is the general solution of the associated homogeneous DE 


of (1), that is 


A, + a, yy" + + + ayy’ + agy = 0. 


In the last section we saw how to solve these kinds of equations when the coefficients were 
constants. Our goal then in the present section is to examine a method for obtaining particular 


solutions. 


I| Method of Undetermined Coefficients The first of two ways we shall consider 
for obtaining a particular solution y, is called the method of undetermined coefficients. The 
underlying idea in this method is a conjecture, an educated guess really, about the form of y, 
motivated by the kinds of functions that make up the input function g(x). The general method is 
limited to nonhomogeneous linear DEs such as (1) where 


¢ the coefficients, a;, i = 0, 1,..., are constants, and 


e where g(x) is a constant, a polynomial function, exponential function e“*, sine or cosine 
functions sin Bx or cos Bx, or finite sums and products of these functions. 


A constant k is a polynomial ea 
function of degree 0. 


Strictly speaking, g(x) = k (a constant) is a polynomial function. Since a constant function 
is probably not the first thing that comes to mind when you think of polynomial functions, 


for emphasis we shall continue to use the redundancy “constant functions, polynomial 


> 


functions, .... 
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The following functions are some examples of the types of inputs g(x) that are appropriate for 
this discussion: 


gx) =10, gx) =x -5x, g(x) = 15x -—6+ 8e™* 


g(x) = sin3x —5xcos2x, g(x) = xe* sinx + (x — le ™. 
That is, g(x) is a linear combination of functions of the type 
P(x) = a,x" + a,x" | + --» +ayxtay, P(xe™, P(xje™ sin Bx, and P(x)e* cos Bx, 


where n is a nonnegative integer and a@ and B are real numbers. The method of undetermined 
coefficients is not applicable to equations of form (1) when 


1 
g(x) =Inx, g®= g(x) =tanx, g(x) =sin /x, 


and so on. Differential equations in which the input g(x) is a function of this last kind will be 
considered in Section 3.5. 

The set of functions that consists of constants, polynomials, exponentials e*, sines, and 
cosines has the remarkable property that derivatives of their sums and products are again sums 
and products of constants, polynomials, exponentials e“*, sines, and cosines. Since the linear 
combination of derivatives a,y,\” + a,_,y,"") + -++ + ayy, + apy, must be identical to g(x), it 
seems reasonable to assume that y, has the same form as g(x). 

The next two examples illustrate the basic method. 


| EXAMPLE1 | General Solution Using Undetermined Coefficients 


Solve y" + 4y’ —2y = 2x? — 3x +6. (2) 


SOLUTION Step 1 We first solve the associated homogeneous equation y" + 4y’ —2y = 0. 
From the quadratic formula we find that the roots of the auxiliary equation m” + 4m — 2 = 0 
are m, = —2 — V6 and m, = —2 + V6. Hence the complementary function is 


y= ce 2t Vox + ce 2 V6) 
i ; 


Step 2 Now, since the function g(x) is a quadratic polynomial, let us assume a particular 
solution that is also in the form of a quadratic polynomial: 


yp = Ax* + Bx +C. 


We seek to determine specific coefficients A, B, and C for which y, is a solution of (2). 
Substituting y, and the derivatives y, = 2Ax + B and y, = 2A into the given differential 
equation (2), we get 


y, + 4y}, — 2y, = 2A + 8Ax + 4B — 2Ax* — 2Bx — 2C 
= 2x? — 3x + 6. 


Since the last equation is supposed to be an identity, the coefficients of like powers of x must 
be equal: 


equal 


2A | x°+ |8A-2B| x+]2A+4B-2C 


=2x?-3x+6. 


That is, 


—2A=2, 8A-—2B=-3, 2A+4B-2C=6. 
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Solving this system of equations leads to the values A = —1, B = —3, and C = —9. Thus a 
particular solution is 


5 
Vp = —x* — ae = 9. 


Step 3 The general solution of the given equation is 


(-2+ V6)x 5 


a ee 


-(2+V6)x 


Y=Ve + Wy = Ce + ce 


| EXAMPLE2 | Particular Solution Using Undetermined Coefficients 


Find a particular solution of = y"” — y’ + y = 2 sin 3x. 


SOLUTION A natural first guess for a particular solution would be A sin 3x. But since suc- 
cessive differentiations of sin 3x produce sin 3x and cos 3x, we are prompted instead to assume 
a particular solution that includes both of these terms: 


y, = A cos 3x + B sin 3x. 


Differentiating y, and substituting the results into the differential equation gives, after 
regrouping, 


yi — yl, + y, = (—8A — 3B) cos 3x + (3A — 8B) sin 3x = 2 sin 3x 


or 


equal 


a aa 
cos 3x + sin = 3x + sin 3x. 


From the resulting system of equations, 


—-8A—-—3B=0, 3A-—8B=2, 


we get A = 4 and B = —38. A particular solution of the equation is 
eee cee : 
Yp = a, cos 3x 73 sin 3x. = 


As we mentioned, the form that we assume for the particular solution y, is an educated guess; 
it is not a blind guess. This educated guess must take into consideration not only the types of 
functions that make up g(x) but also, as we shall see in Example 4, the functions that make up 
the complementary function y.. 


| EXAMPLE3 | Forming y, by Superposition 


Solve y" — 2y’—3y = 4x —5 + 6xe”. (3) 


SOLUTION Step1 First, the solution of the associated homogeneous equation y’ — 2y’—3y = 0 
is found to be y. = cye * + coe. 


Step 2 Next, the presence of 4x — 5 in g(x) suggests that the particular solution includes a 
linear polynomial. Furthermore, since the derivative of the product xe produces 2xe** and 
e**, we also assume that the particular solution includes both xe** and e”*. In other words, 
g is the sum of two basic kinds of functions: 


g(x) = g,(x) + g(x) = polynomial + exponentials. 
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How to use Theorem 3.1.7 in 
the solution of Example 3. 


> 


Correspondingly, the superposition principle for nonhomogeneous equations (Theorem 3.1.7) 
suggests that we seek a particular solution 


Yo = Yn, + Voy 
where y, = Ax + Band y,, = Cxe** + Ee**. Substituting 
¥,=Axt B+ Cxe* + Ee 


into the given equation (3) and grouping like terms gives 


yy, — 2y}, — 3y, = —3Ax — 2A — 3B — 3Cxe™ + (2C — 3E)e™ = 4x — 5 + 6xe™. (A) 


From this identity we obtain the four equations 


3A = 4, 2A — 3B = =5, 3C=6, 2C-3E=0. 


The last equation in this system results from the interpretation that the coefficient of e”* in 
the right member of (4) is zero. Solving, we find A ~R=>3.C 2, and E = —3. 
Consequently, 


4 23 4 
Ve 2xe* — 30°" 


3 9 


Step 3 The general solution of the equation is 


4 23 4 
y =cje* + ce* —-x+—— (2: + SY = 
3 9 3 


In light of the superposition principle (Theorem 3.1.7), we can also approach Example 3 from 
the viewpoint of solving two simpler problems. You should verify that substituting 


Vp, = Ax +B into y” — 2y'-3y=4x—5 
and Yp, = Cxe* + Ee* into y" — 2y’ —3y = 6xe™ 
yields, tn are) Py —3x+ % and Yp, = ~ (2x + +) e**. A particular solution of (3) is then 


Yo = Vp, + Vp. 
The next example illustrates that sometimes the “obvious” assumption for the form of y, is 
not a correct assumption. 


| EXAMPLE4 | A Glitch in the Method 


Find a particular solution of y” — 5y’ + 4y = 8e". 


SOLUTION Differentiation of e* produces no new functions. Thus, proceeding as we did in 
the earlier examples, we can reasonably assume a particular solution of the form y, = Ae*. 
But substitution of this expression into the differential equation yields the contradictory state- 
ment 0 = 8e", and so we have clearly made the wrong guess for y,,. 

The difficulty here is apparent upon examining the complementary function y, = c,e" + 
cye*". Observe that our assumption Ae’ is already present in y,. This means that e* is a solution 
of the associated homogeneous differential equation, and a constant multiple Ae“ when 
substituted into the differential equation necessarily produces zero. 

What then should be the form of y,,? Inspired by Case II of Section 3.3, let’s see whether 
we can find a particular solution of the form 


Yp = Axe”. 
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Substituting y, = Axe* + Ae* and y, = Axe* + 2Ae” into the differential equation and sim- 
plifying gives 


y= 2, Fa 3d? = Be". 


From the last equality we see that the value of A is now determined as A = —§. Therefore a 


particular solution of the given equation is y,, = —§xe*. = 


The difference in the procedures used in Examples 1-3 and in Example 4 suggests that we 
consider two cases. The first case reflects the situation in Examples 1-3. 


Case I: No function in the assumed particular solution is a solution of the associated 
homogeneous differential equation. 


In Table 3.4.1 we illustrate some specific examples of g(x) in (1) along with the correspond- 
ing form of the particular solution. We are, of course, taking for granted that no function in 
the assumed particular solution y, is duplicated by a function in the complementary 
function y,. 


TABLE 3.4.1 Trial Particular Solutions 


g(x) Form of y, 

1. 1 (any constant) A 

2. 5x7 Ax +B 

3. 3x°-2 Ax’ + Be +C 

4. x°-—x+1 Av + Be t+Cxt+E 

5. sin 4x Acos 4x + B sin 4x 

6. cos 4x Acos 4x + B sin 4x 

7. e* Ae™* 

8. (9x — 2)e" (Ax + B)e* 

9. xe (Ax? + Bx + C)e™ 
10. e** sin 4x Ae* cos 4x + Be* sin 4x 
11. 5x’ sin 4x (Ax? + Bx + C) cos 4x + (Ex? + Fx + G) sin 4x 
12. xe** cos 4x (Ax + B)e* cos 4x + (Cx + E)e* sin 4x 


| EXAMPLES | Forms of Particular Solutions—Case | 


Determine the form of a particular solution of 


(a) y" — 8y’ + 25y = 5x'e* — Te™ (b) y’ + 4y =xcosx. 


SOLUTION (a) Wecan write g(x) = (5x° — 7)e™*. Using entry 9 in Table 3.4.1 as a model, 
we assume a particular solution of the form 


Vp = (Ax? + Bx + Cx + B)e™. 


Note that there is no duplication between any of the terms in y, and the terms in the complemen- 
tary function y, = e**(c, cos 3x + c sin 3x). 


(b) The function g(x) = x cos x is similar to entry 11 in Table 3.4.1 except, of course, that we 
use a linear rather than a quadratic polynomial and cos x and sin x instead of cos 4x and 
sin 4x in the form of y,: 


Yp = (Ax + B) cos x + (Cx + E) sin x. 


Again observe that there is no duplication of terms between y, and y, = c; cos 2x + ¢) sin 2x. = 
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If g(x) consists of a sum of, say, m terms of the kind listed in the table, then (as in Example 3) 


the assumption for a particular solution y, consists of the sum of the trial forms y,,, y,,,---, Yp, 
corresponding to these terms: 


Np Yp, + Yp, ah pe YP m* 


The foregoing sentence can be put another way. 


Form Rule for CaseI: The form of y, is a linear combination of all linearly independent 
functions that are generated by repeated differentiations of g(x). 


| EXAMPLE6 | Finding y, by Superposition—Case | 


Determine the form of a particular solution of 
y’ — Oy’ + 14y = 3x? — 5 sin 2x + 8xe™. 


SOLUTION The right-hand side of the equation g(x) = 3x? — 5 sin 2x + 8xe® consists of 
three different types of functions x’, sin 2x, and xe. The derivatives of these functions yield, 
in turn, the additional functions x, 1; cos 2x; and e**. Therefore: 


. ed 
corresponding to x” we assume Yp, = Ax? + Bx + C, 
corresponding to sin 2x we assume Yp, = Ecos 2x + F sin 2x, 
corresponding to xe we assume Yp, = Gxe™ + He™, 


The assumption for a particular solution of the given nonhomogeneous differential equation 
is then 


¥p = Yp, + yy, Yq = Ae Be + C + Ecos 2x + F sin dx + (Ge + Be™. 


Note that none of the seven terms in this assumption for y, duplicates a term in the comple- 


mentary function y, = c,e* + c,e™. = 


Case IT: A function in the assumed particular solution is also a solution of the associated 
homogeneous differential equation. 


The next example is similar to Example 4. 


| EXAMPLE7 | Particular Solution—Case II 


Find a particular solution of =y’ — 2y’ +y =e’. 


SOLUTION The complementary function is y. = cje* + coxe*. As in Example 4, the as- 
sumption y, = Ae” will fail since it is apparent from y, that e* is a solution of the associated 
homogeneous equation y” — 2y’ + y = 0. Moreover, we will not be able to find a particular 
solution of the form y, = Axe* since the term xe* is also duplicated in y,. We next try 


Vp = Axe". 
Substituting into the given differential equation yields 2Ae* = e* and so A = 5. Thus a par- 


. . . 2 
ticular solution is y, = 5x7 e*. = 


Suppose again that g(x) consists of m terms of the kind given in Table 3.4.1, and suppose 


further that the usual assumption for a particular solution is 


Vi = Va, Ye PO A Does 


where the y,,, i = 1,2,..., mare the trial particular solution forms corresponding to these terms. 
Under the circumstances described in Case II, we can make up the following general rule. 


Multiplication Rule for Case II: If any y,, contains terms that duplicate terms in y,, 
then that y, must be multiplied by x", where n is the smallest positive integer that eliminates 
that duplication. 
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| EXAMPLES | 8 An Initial-Value Problem 


Solve the initial-value problem y" + y = 4x + 10 sin x, y(ar) = 0, y’(ar) = 2. 


SOLUTION The solution of the associated homogeneous equation y" + y = Ois y. = c, cosx + 
Cy Sin x. Since g(x) = 4x + 10 sin xis the sum of a linear polynomial and a sine function, our 
normal assumption for y,, from entries 2 and 5 of Table 3.4.1, would be the sum of y,, = Ax + B 
and y,, = Ccosx + E sin x: 


yp = Ax + B+ Ccosx + Esinx. (5) 
But there is an obvious duplication of the terms cos x and sin x in this assumed form and two 
terms in the complementary function. This duplication can be eliminated by simply multiply- 
ing y,, by x. Instead of (5) we now use 
y, = Ax + B + Cxcosx + Ex sin x. 


Differentiating this expression and substituting the results into the differential equation gives 


y, + y, = Ax + B- 2Csinx + 2Ecos x = 4x + 10 sin x. (6) 


p 


and so A = 4, B = 0, —2C = 10, 2E = 0. The solutions of the system are immediate: A = 4, 
B=0,C = —5, and E = 0. Therefore from (6) we obtain y, = 4x — 5x cos x. The general 
solution of the given equation is 


Y =e + Vp = €, COS X + Cy Sinx + 4x — 5x cos x. 
We now apply the prescribed initial conditions to the general solution of the equation. First, 
y(r) = c, cos 7 + Cy sin 7 + 4a — Sa cos 7 = 0 yields c; = 97 since cos 7 = —1 and 


sin 7 = 0. Next, from the derivative 


y’ = —97 sinx + c, cosx + 4 + 5x sinx — 5 cos x 


and y' (7) = —97 sina + c,cos 7 + 4+ 57 sina — 5 cos 7 = 2 


we find cy = 7. The solution of the initial value is then 


y = 97 cos x + 7 sinx + 4x — 5x cos x. 


| EXAMPLES | Using the Multiplication Rule 


Solve y” — 6y’ + 9y = 6x7 + 2 — 12e*. 


SOLUTION The complementary function is y, = c,e** + coxe**. And so, based on entries 
3 and 7 of Table 3.4.1, the usual assumption for a particular solution would be 


Yp = Ax? + Bx + C + Ee*. 
y, Pi y, P2 
Inspection of these functions shows that the one term in y,, is duplicated in y,. If we multiply 
yp, by x, we note that the term xe** is still part of y.. But multiplying Yp, by x° eliminates all 
duplications. Thus the operative form of a particular solution is 


Yp = Ax’ + Bxt+ C+ Ex’e*. 


Differentiating this last form, substituting into the differential equation, and collecting like 
terms gives 


yp — Oy}, + Oy, = 9Ax? + (—12A + 9B)x + 2A — 6B + 9C + 2Ee™* = 6x7 +2 — 12€™. 
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It follows from this identity that A = }, B = §, C = }, and E = — 6. Hence the general solution 


y=Ye + yp is 


| 
x 
id 
+ 
| 
+ 
| 
| 
an 
a 
te 
iss) 
ee) 
= 
Hl 


2 
y = cye™ + cxxe*™ + 3 


| EXAMPLE 10 | Third-Order DE—Case | 


Solve y” + y" = e'cosx. 


SOLUTION From the characteristic equation m? + m” = 0 we find m, = m, = Oandm, = —1. 
Hence the complementary function of the equation is y, = c; + c.x + ce “. With g(x) = 
e‘cos x, we see from entry 10 of Table 3.4.1 that we should assume 


yp = Ae’ cos x + Be* sin x. 


Since there are no functions in y, that duplicate functions in the complementary solution, we 
proceed in the usual manner. From 


Yo + Yy = (—2A + 4B)e* cos x + (—4A — 2B)e* sin x = e* cos x 


we get —2A + 4B = 1, —4A — 2B = 0. This system gives A = — 7p and B = 3, so that a 
particular solution is y, = — ip & cos x + 4e* sin x. The general solution of the equation is 


1 1... 
¥=9p ry, =) Pom ee 10 2 tte sin x. 


| EXAMPLE 11 | Fourth-Order DE—Case II 


x 


Determine the form of a particular solution of =y“ + y” = 1— xe. 
SOLUTION Comparing y. = c; + cox + cx? + ce * with our normal assumption for a 


particular solution 


y, A+ Bre“*+Cxe™* + Ee™, 
\/ 


Np, Yp, 


we see that the duplications between y, and y, are eliminated when y,, is multiplied by x and 
yp, is multiplied by x. Thus the correct assumption for a particular solution is 


y= Ax’ + Bre™* + Cre + Exe™. 


REMARKS 


(i) In Problems 27-36 of Exercises 3.4, you are asked to solve initial-value problems, and in 
Problems 37—40, boundary-value problems. As illustrated in Example 8, be sure to apply the 
initial conditions or the boundary conditions to the general solution y = y, + y,. Students 
often make the mistake of applying these conditions only to the complementary function y, 
since it is that part of the solution that contains the constants. 

(ii) From the “Form Rule for Case I” on page 132 of this section you see why the method of 
undetermined coefficients is not well suited to nonhomogeneous linear DEs when the input 


134 | CHAPTER3 Higher-Order Differential Equations 


function g(x) is something other than the four basic types listed in red on page 128. If P(x) is 
a polynomial, continued differentiation of P(x)e™ sin 6x will generate an independent set 
containing only a finite number of functions—all of the same type, namely, polynomials times 
e™ sin Bx or e“ cos Bx. On the other hand, repeated differentiations of input functions such 
as g(x) = In x or g(x) = tan’ ‘x generate an independent set containing an infinite number of 


functions: 


derivatives of tan” 'x: 


1 2 
derivatives of \n x: Sn he 
os Set see 


—2x —2 + 6x? 


eRe Se Se Ul se ee 


| 3.4 Exercises Answers to selected odd-numbered problems begin on page ANS-5. 


In Problems 1-26, solve the given differential equation by 
undetermined coefficients. 
1. y”’ + 3y’ + 2y =6 
2. 4y” + 9y = 15 
3. y" — 10y’ + 25y = 30x + 3 
4. y" + y'—-6y = 2x 
5B. ty’ ty +y=x-2x 
6. y” — 8y’ + 20y = 100x — 26xe* 
7. y' + 3y = —48x7e* 
8. 4y" — 4y’ —3y = cos 2x 
9 y’-y=-3 
10. y’ + 2y’ =2x+5-e% 
NW. y’-y' +hy=3+e 
12. y’ — 16y = 2e” 
13. y’ + 4y = 3 sin 2x 
14. y” —4y = (? — 3) sin 2x 
15. y’ + y = 2x sinx 
16. y” — 5y’ = 2x7 — 4° -x +6 
17. y" — 2y' + 5y = e*cos 2x 
18. y” — 2y’ + 2y = e* (cos x — 3 sin x) 
19. y" + 2y’ + y =sinx + 3 cos 2x 
20. y" + 2y'’—24y = 16 — (+ 2)e* 
21. y” — 6y” =3 — cosx 
22. y” — 2y” — 4y' + 8y = 6xe* 
23. y” — 3y" + 3y'’-y =x — 4e* 
24. y" —y" —4y' + 4y=5—-—e + &* 
25. yO + 2y" + y=(—- 1? 
26. y — y" = 4x + 2xe™* 


In Problems 27-36, solve the given initial-value problem. 
27. y’ + 4y = -2, y(a/8) = 5, y'(a/8) = 2 
28. 2y" + 3y’ — 2y = 14° — 4x - 11, 


y(0) = 0, y'(0) = 0 
29. Sy" + y’ = —6x, y(0) = 0, y’(0) = —10 


30. y" + 4y’ + 4y= (G+ xe, y(0) =2,y'(0) =5 
31. y’ + 4y’ + Sy = 35e *, yO) = —3, y'(0) = 1 
32. y’— y=coshx, y(0) = 2, y'(0) = 12 


dx 2 ‘ ’ 

33. ) + wx = Fy sin wt, x(0) = 0, x'(0) = 0 
d’x 2 ’ 

34. 7 +wx= Fo cos yt, x(0) = 0, x (0) = 0 


35. y"”—2y" + y! =2 —2de* + 40e*, y(0) = 4, y'(0) = §, 
yO) = -3 
36. y"” + 8y = 2x —5 + Be, (0) = -5, 0) =3, ") = -4 


In Problems 37—40, solve the given boundary-value problem. 
37. y’+y=x +1, y(0) =5, y(1) =0 

38. y” — 2y' + 2y = 2x — 2, y(0) = 0, Wr) = 7 

39. y” +3y = 6x, y(0) = 0, v1) + vy’) = 0 

40. y" + 3y = 6x, y(0O) + y'(0) = 0, y(1) = 0 


In Problems 41 and 42, solve the given initial-value problem in 
which the input function g(x) is discontinuous. [Hint: Solve each 
problem on two intervals, and then find a solution so that y and 
y’ are continuous at x = 77/2 (Problem 41) and at x = 7 
(Problem 42).] 


M1. y" + 4y = g(x), y(O) = 1, y'(0) = 2, where 


sinx, OSxS7/2 
g(x) = 


0, x > 7/2 


42. y” — 2y' + 10y = g(x), y(O) = 0, y'(O) = 0, where 


Oe te Osxs7 
eM. 0, x«>7 
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Discussion Problems 46.) 


43. Consider the differential equation ay” + by’ + cy = e”, where 
a, b, c, and k are constants. The auxiliary equation of the 
associated homogeneous equation is 


an’? + bm +c=0. 


(a) If kis not a root of the auxiliary equation, show that we 
can find a particular solution of the form y, = Ae*, where 


A= IKak’ + bk +0). FIGURE 3.4.2 Graph for Problem 46 
(b) Ifkis a root of the auxiliary equation of multiplicity one, 
show that we can find a particular solution of the form 47. y 


Vp = Axe“, where A = 1/(2ak + b). Explain how we know 
that k # —b/(2a). 
(c) Ifkisaroot of the auxiliary equation of multiplicity two, 
show that we can find a particular solution of the form me 
y = Axe, where A = 1/(2a). 
44. Discuss how the method of this section can be used to find a 


particular solution of y’ + y = sin x cos 2x. Carry out your idea. FIGURE 3.4.3 Graph for Problem 47 
In Problems 45-48, without solving match a solution curve of 48 y 
y" + y = f(x) shown in each figure with one of the following : : 
functions: 
(i) f@) =1, (ii) f@~) =e", 
(iii) f(x) = &, (iv) f(x) = sin 2x, x 
(v) f(x) = e' sin x, (vi) f(x) = sin x. 
Baty Giscuss yOurtcasone, FIGURE 3.4.4 Graph for Problem 48 
45. y 


Computer Lab Assignments 


In Problems 49 and 50, find a particular solution of the given 
differential equation. Use a CAS as an aid in carrying out 
differentiations, simplifications, and algebra. 

49, y" — 4y' + 8y = (2x7 — 3xe™ cos 2x + (10x — x — 1e*™ sin 2x 
50. y + 2y" + y =2cosx — 3xsinx 


FIGURE 3.4.1 Graph for Problem 45 


3.5| Variation of Parameters 


INTRODUCTION The method of variation of parameters used in Section 2.3 to find a 
particular solution of a linear first-order differential equation is applicable to linear higher-order 
equations as well. Variation of parameters has a distinct advantage over the method of the pre- 
ceding section in that it always yields a particular solution y, provided the associated homoge- 
neous equation can be solved. In addition, the method presented in this section, unlike 
undetermined coefficients, is not limited to cases where the input function is a combination of 
the four types of functions listed on page 128, nor is it limited to differential equations with 
constant coefficients. 


Hi Some Assumptions To adapt the method of variation of parameters to a linear second- 
order differential equation 


ay(x)y" + ay(x)y’ + ao(x)y = g(x), (1) 
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If you are unfamiliar with 
Cramer’s rule, see Section 8.7. 


> 


we begin as we did in Section 3.2—we put (1) in the standard form 
y" + Peay’ + OWy = f@) (2) 


by dividing through by the lead coefficient a,(x). Equation (2) is the second-order analogue of 
the linear first-order equation dy/dx + P(x)y = f(x). In (2) we shall assume P(x), Q(x), and f(x) 
are continuous on some common interval J. As we have already seen in Section 3.3, there is no 
difficulty in obtaining the complementary function y, of (2) when the coefficients are constants. 


| Method of Variation of Parameters Corresponding to the substitution 
Yp = Uy(x)y, (x) that we used in Section 2.3 to find a particular solution y, of dy/dx + P(x)y = f(x), 
for the linear second-order DE (2) we seek a solution of the form 


V(x) = uj(X)y\(X) + un(x)y2X), (3) 
where y, and y, form a fundamental set of solutions on J of the associated homogeneous form 


of (1). Using the product rule to differentiate y,, twice, we get 


Yp = Uy, + yu, + Uys + yoy 
a 


yp 


Substituting (3) and the foregoing derivatives into (2) and grouping terms yields 


uyyy + yyy + yu + uy) + ugys + y3u5 + yous + usy3. 


Zero Zero 


oT oO 
yp + PQx)y, + O@)y, = uly + Py; + Qy:] + wlys + Py, + Qyy] 
+ yu + uy, + yous + yyy + Plyuy + yous] + yay + yrs 


d - d , U ’ é t t y 
= ie Lyjuy] + rs [yous] + Plyyuy + yous] + yyuy > yous 
d if i , ! ! ! Uy , 
= de [yu + y2us] + Ply, + yous] + yyuy + yous = f(x). (4) 


Because we seek to determine two unknown functions u, and uy, reason dictates that we need 
two equations. We can obtain these equations by making the further assumption that the functions 
u, and u, satisfy y,u; + y,u = 0. This assumption does not come out of the blue but is prompted 
by the first two terms in (4), since, if we demand that y,u; + y,u5 = 0, then (4) reduces 
to yju; + ysu5 = f(x). We now have our desired two equations, albeit two equations for determin- 
ing the derivatives u; and u}. By Cramer’s rule, the solution of the system 


yu, + yous = 0 
yy + y3us = fx) 


can be expressed in terms of determinants: 


j Ww, yo f(x) j W, a yi f(x) 
ul = =-— nd uw = = (5) 
Ww Ww Ww 
where W= . i , w= oe ; = . (6) 
YY f@) yz yr f(x) 


The functions uw, and wu, are found by integrating the results in (5). The determinant W is recog- 
nized as the Wronskian of y, and y,. By linear independence of y, and y, on J, we know that 
W(y,(4), yo(x)) # 0 for every x in the interval. 


Hi Summary of the Method Usually it is not a good idea to memorize formulas in lieu 
of understanding a procedure. However, the foregoing procedure is too long and complicated to 
use each time we wish to solve a differential equation. In this case it is more efficient simply to 
use the formulas in (5). Thus to solve ayy” + ayy’ + agy = g(x), first find the complementary 
function y, = cyy, + cy. and then compute the Wronskian W(y,(x), y2(x)). By dividing by a), 
we put the equation into the standard form y” + Py’ + Qy = f(x) to determine f(x). We find u, 
and u, by integrating uj= W,/W and ui = W,/W, where W, and W, are defined as in (6). A par- 
ticular solution is y, = uy; + u2y2. The general solution of equation (1) is then y = y, + y,. 
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| EXAMPLE1 | General Solution Using Variation of Parameters 


Solve y" — 4y’ + 4y=(x + De”. 
SOLUTION § Fromauxiliary equation m? — 4m + 4 = (m — 2)’ = Owe have y, = ce + coxe™. 
With the identifications y, = e** and y, = xe", we next compute the Wronskian: 


en xe 2x 


Qe 2xe?* + e* 


We, xe™) = =e 


Since the given differential equation is already in form (2) (that is, the coefficient of y” is 1), 
we identify f(x) = (x + Le**. From (6) we obtain 

e* 0 
2e* (x + De™ 


0 xe ; 
= (x + Le 2xe* + e* = —@ + De®, W, = = (x + le, 


and so from (5) 


x + 1)xe* x + De* 
uy = ‘ = =-x-x, w= = 2 =x+1. 
e e 
Integrating the foregoing derivatives gives 
|, 2 2 
eee —-x° and w= 7x +x 
Hence from (3) we have 
1 , hx? )e™ (fe ) xe 1 3x, t a2 
p= lore? — axe Jem t+ | exe + x | xe™* = sx? e* + = xee™ 
» ( g* 9 6 2 
1 1 
and Y=Yet+ Vy = ce" + cxe* + 6 eer + 5 ver, = 


| EXAMPLE2 | General Solution Using Variation of Parameters 


Solve 4y" + 36y = csc 3x. 
SOLUTION We first put the equation in the standard form (2) by dividing by 4: 


1 
"+ Oy = — csc 3x. 
y y = 4 ose 3x 


Since the roots of the auxiliary equation m* + 9 = 0 are m, = 3i and m, = —3i, the comple- 
mentary function is y. = c, cos 3x + c, sin 3x. Using y,; = cos 3x, yy = sin 3x, and f(x) = 
+ esc 3x, we obtain 


‘ cos 3x sin 3x 
W(cos 3x, sin 3x) = = 


> 


—3sin3x 3cos3x 


_ 0 sin3x | __ al W, = cos 3x 0 _ 1 cos 3x 
 Lese3x 3 cos3x 4’ >" |=3sin3x }ese3x| 4 sin 3x’ 
Integrating 
: Ww, 1 , WwW, 1 cos 3x 
uy =— = -= and w= = . 
Ww 2 W 12 sin3x 
gives 
d : In Isin 3x1 
=—-—x an = In Isin 3xl. 
Uy 1D” Uy 3 x 
Thus from (3) a particular solution is 
: 3x + : (sin 3x) In Isin 3xl 
= — —x cos — (sin 3x) In Isin 3x1. 
Yp 1” x 36 x x 
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The general solution of the equation is 


1 1 
y =e + py = C, COS 3x + C2 sin 3x — Tp * 008 3x + 36 (sin 3x) InIsin3xl. (7) = 


Equation (7) represents the general solution of the differential equation on, say, the interval 
(0, 77/3). 


I Constants of Integration When computing the indefinite integrals of ui and u5, we 
need not introduce any constants. This is because 
Y=Vet Vy = C1, F Coyy + (uy + ay)y, + (U2 + dy)y2 
= (cy + ayy, + (Cp + Dy)y2 + uy, + Ur 
= Cyy, + Cyyy + uy, + Upyo. 


]| Integral-Defined Functions We have seen several times in the preceding sections 
and chapters that when a solution method involves integration we may encounter nonelementary 
integrals. As the next example shows, sometimes the best we can do in constructing a particular 
solution (3) of a linear second-order differential equation is to use the integral-defined functions. 


x FE 2 oe 
u(x) = — | Tt dat and u(x) = | we De 


xo xo 


Here we assume that the integrand is continuous on the interval [xp, x]. See Problems 23-26 in 
Exercises 3.5. 


| EXAMPLE3 | General Solution Using Variation of Parameters 


Solve y"—y=I/x. 


SOLUTION The auxiliary equation m* — 1 = 0 yields m, = —1 and m, = 1. Therefore 
y. = ce + coe *. Now We", e *) = —2 and 


e “(1/x) i e “(1/x) 


and so 


x =x 1 x a 1 x ci = 
YH yor Yp = Cie + Ce se 4© i d= 7° dt. = 


0 


In Example 3 we can integrate on any interval [xp, x] not containing the origin. Also see 
Examples 2 and 3 in Section 3.10. 


il Higher-Order Equations The method we have just examined for nonhomogeneous 
second-order differential equations can be generalized to linear nth-order equations that have 
been put into the standard form 


yO + Pr iGy) + +++ + Py@)y' + Poy = FQ). (8) 
If y. = cyy, + Coy. + +++ + ,y¥, is the complementary function for (8), then a particular solution is 
YX) = Uyx)y x) + Ug(X)y2x) + +++ + Uy Or)y,(X), 
where the u,, k = 1, 2, ..., n, are determined by the n equations 

Yip + Volt Fives + Vylty = 0 

Yily + Vlg tov + Vall = 0 
i : (9) 

yi Pah + 9B + oo + Pa = 0). 
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The first n — 1 equations in this system, like y,u; + y.u5 = O in (4), are assumptions made to 
simplify the resulting equation after y, = uj(x)y;(x) + +++ + u,(x)y,(@x) is substituted in (8). In 
this case, Cramer’s rule gives 


’ 


W, 
Up = “aoe 


Ww’ 
where W is the Wronskian of y,, y2, ..., y, and W, is the determinant obtained by replacing the 
kth column of the Wronskian by the column consisting of the right-hand side of (9), that is, the 
column (0, 0, ...,f()). When n = 2 we get (5). When n = 3, the particular solution is y, = uyy, + 
UzVy + U3, Where yj, y2, and y3 constitute a linearly independent set of solutions of the associated 
homogeneous DE, and uw, uy, uv; are determined from 


! = i , = 7 ! = = 10 

uy WwW ug W U3 WwW (10) 
Yi Yo ¥3 O yo ys y Oy yy +O 
W= ly! yo y3},Wi =|] 0 ys ys], Wo = ly’ O- ys}, and W3 = |y yy 0 
yl ya 3 f(x) ya) ys! yi f(x) y3 yi y2 f(x) 


See Problems 29 and 30 in Exercises 3.5. 


REMARKS 


In the problems that follow do not hesitate to simplify the form of y,. Depending on how 
the antiderivatives of u; and uw} are found, you may not obtain the same y, as given in the 
answer section. For example, in Problem 3 in Exercises 3.5, both y, = 5 sin = 5x COS x 


and y, = sin x — 4x cos x are valid answers. In either case the general solution y = y, + Yp 


simplifies to y = c, cos x + c) sin x — 4x cos x. Why? 


| 3.5 | Exercises Answers to selected odd-numbered problems begin on page ANS-5. 


In Problems 1-18, solve each differential equation by variation 21. y’ + 2y’ — 8y = 2e * — e* 


of parameters. 22. y" — 4y’ + 4y = (12x? — 6x)e”* 
1. y+ y = secx 2. y+ y= tanx 
3. y’+y=sin : 4yty= sate tan 0 In Problems 23—26, proceed as in Example 3 and solve each 
5. y" + y =cos*x 6. y’ + y = sec*x differential equation by variation of parameters. 
7. y’ — y =coshx 8 y” — y = sinh 2x e* 
Ox 23. y" ty =e* 24. y" — 4y = —_ 
oy = oye ayy ees 7 
oo 


25. y" + y’ — 2y = Inx 26. 2y” + 2y’ +y = 4Vx 


M1. y’ + 3y’ + 2y = 


| Fee" 

¥ In Problems 27 and 28, the indicated functions are known 
linearly independent solutions of the associated homogeneous 
differential equation on the interval (0, oo). Find the general 
solution of the given nonhomogeneous equation. 


13. y’ + 3y’ + 2y=sine’ 14. y’— 2y'+y=e'arctant 
15. y’+2y’+y=e'lnt 16 2y’+y' = 6x 
17. 3y" — 6y' + 6y = e sec x 


18. 4y”—4y’ +y=e?PVI1 - x? 


In Problems 19-22, solve each differential equation by variation 


27. xy" + xy’ + 0? — Dy = 2°75 y, = x7! cosx, 
2 = — 


28. x°y’ + xy’ + y=sec(Inx); y, = cos(In x), y) = sin(In x) 


sin x 


of parameters subject to the initial conditions y(0) = 1, y’(0) = 0. 


19. 4y’ — y= xe” 
20. 2y"+y'-y=xt+1 
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In Problems 29 and 30, solve the given third-order differential 
equation by variation of parameters. 


29. y” + y’ =tanx 30. y” + 4y’ = sec 2x 


Discussion Problems 


In Problems 31 and 32, discuss how the methods of 

undetermined coefficients and variation of parameters can 

be combined to solve the given differential equation. Carry 

out your ideas. 

31. 3y" — 6y’ + 30y = 15 sin x + e* tan 3x 

32. y"-—2y' +y=4P-34x le 

33. What are the intervals of definition of the general solutions 
in Problems 1, 7, 15, and 18? Discuss why the interval 
of definition of the general solution in Problem 28 is 
not (0, oo). 


34. Find the general solution of x*y” + x*y’ — 4x’y = 1 given that 


oe ‘ . a 
y, =x’ is asolution of the associated homogeneous equation. 


Computer Lab Assignments 


In Problems 35 and 36, the indefinite integrals of the equations 
in (5) are nonelementary. Use a CAS to find the first four 
nonzero terms of a Maclaurin series of each integrand and 
then integrate the result. Find a particular solution of the given 
differential equation. 


By ty=V1I+x 36. 4y”" —y= ev 


| Cauchy—Euler Equations 


INTRODUCTION The relative ease with which we were able to find explicit solutions of 
linear higher-order differential equations with constant coefficients in the preceding sections 
does not, in general, carry over to linear equations with variable coefficients. We shall see in 
Chapter 5 that when a linear differential equation has variable coefficients, the best that we can 
usually expect is to find a solution in the form of an infinite series. However, the type of dif- 
ferential equation considered in this section is an exception to this rule; it is an equation with 
variable coefficients whose general solution can always be expressed in terms of powers of x, 
sines, cosines, logarithmic, and exponential functions. Moreover, its method of solution is quite 
similar to that for constant equations. 


Hi Cauchy-Euler Equation Any linear differential equation of the form 


n n= 
ax as oe ae aa ile 4 = ae eee BPs + agy = g(x), 
dx dx" dx : 
where the coefficients a,, d,_1,..-, dg are constants, is known diversely as a Cauchy—Euler 


equation, an Euler—Cauchy equation, an Euler equation, or an equidimensional equation. 
The differential equation is named in honor of two of the most prolific mathematicians of all 
time, Augustin-Louis Cauchy (French, 1789-1857) and Leonhard Euler (Swiss, 1707-1783). 
The observable characteristic of this type of equation is that the degree k = n,n — 1,..., 1, 0 of 
the monomial coefficients x matches the order k of differentiation d‘y/dx*: 


same same 
n d"~ 1 
oe n-1 y + 
a,x dx" a,x ax n—-1 


As in Section 3.3, we start the discussion with a detailed examination of the forms of the 
general solutions of the homogeneous second-order equation 


d’y dy 
7--— +b + cy =0. 1 
dx? . dx oe (1) 


ax 


The solution of higher-order equations follows analogously. Also, we can solve the nonhomo- 


2 


geneous equation ax’y" + bxy' + cy = g(x) by variation of parameters, once we have determined 
the complementary function y,(x) of (1). 


Lead coefficient being zero at > 
x = 0 could cause a problem. 


The coefficient of d*y/dx* is zero at x = 0. Hence, in order to guarantee that the fundamental 
results of Theorem 3.1.1 are applicable to the Cauchy—Euler equation, we confine our attention 


to finding the general solution on the interval (0, co). Solutions on the interval (—oo, 0) can be 
obtained by substituting t = — x into the differential equation. See Problems 49 and 50 in 


Exercises 3.6. 
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il Method of Solution We try a solution of the form y = x’, where m is to be determined. 
Analogous to what happened when we substituted e”” into a linear equation with constant coeffi- 
cients, after substituting x” each term of a Cauchy—Euler equation becomes a polynomial in m times 
x” since 

d'y 

a,x* aE = a,x'm(m — 1)(m — 2) +: (m—k + I)x™* 


=azm(m — 1)\(m — 2) ++ (m—k + 1)x”. 


For example, by substituting y = x” the second-order equation (1) becomes 


dy dy 
ax Ty + bx 7 + cy = a(n ~ Lx" + bmx" + cx" = (amin ~ 1) + bm + )x"= 0. 
xX x 


Thus y = x” is a solution of the differential equation whenever m is a solution of the auxiliary 
equation 


am(m—1)+bm+c=0 or am’+(b-—am+c=0. (2) 


There are three different cases to be considered, depending on whether the roots of this quadratic 
equation are real and distinct, real and equal, or complex. In the last case the roots appear as a 
conjugate pair. 


Case I: Distinct Real Roots Let m, and m, denote the real roots of (2) such that 
m, #m,.Theny, = x": and y, = x2 form a fundamental set of solutions. Hence 
the general solution of (1) is 


m 


y= ex" + cox, (3) 


| EXAMPLE1 | Distinct Roots 


a d 
Solve x? =e — 2x — dy = 0, 


SOLUTION Rather than just memorizing equation (2), it is preferable to assume y = x” 
as the solution a few times in order to understand the origin and the difference between 
this new form of the auxiliary equation and that obtained in Section 3.3. Differentiate 
twice, 


dy d* 
== mx"), 7 = mm — 1)x"-?, 
dx dx 
and substitute back into the differential equation: 
a d 
x? ' 2x . 4y= x7 + m(m — 1)x"2 = 2x + mx"! — 4x” 
dx dx 


= x™(m(m — 1) — 2m — 4) = x(n" — 3m — 4) = 0 


if m? — 3m — 4 = 0. Now (m + 1)(m — 4) = 0 implies m, = —1, m, = 4 and so (3) yields 
the general solution y = cx! + cpx*. = 


Case IT: Repeated Real Roots If the roots of (2) are repeated (that is, m, = mz), then 
we obtain only one solution, namely, y = x”. When the roots of the quadratic 
equation am? + (b — a)m + c = O are equal, the discriminant of the coeffi- 
cients is necessarily zero. It follows from the quadratic formula that the root 
must be m, = —(b — a)/2a. 

Now we can construct a second solution y,, using (5) of Section 3.2. We 
first write the Cauchy—Euler equation in the standard form 
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and make the identifications P(x) = b/ax and f(b/ax) dx = (b/a) In x. Thus 


ela) Inx 
yn = x | dx 


2m 
xm 


= x" lam . xm dx <— e b/ainx — ginx —(b/ay __ x b/a 


= x71 | x P/4. xb-ayva dy ¢ —Im, = (b — a)/a 


dx 
= x71 | — =x" Inx. 
x 


The general solution of (1) is then 


y=eyx™ + Cox™ Inx. (4) 
| EXAMPLE2 | Repeated Roots 


Sie Age apn 
Ove AK 8 tee ; 


SOLUTION The substitution y = x” yields 


dy. Wy 2 
4x 7 + 8x +y=x"(4m(m — 1) + 8m + 1) = x"(Am- + 4m + 1) =0 
dx dx 
when 4m? + 4m + 1 = 0 or (2m + 1)° = 0. Since m, = — 5 is a repeated root, (4) gives the 


=1/2 


general solution y = cx!” + cx In x. = 


For higher-order equations, if m, is a root of multiplicity k, then it can be shown that 


m, 
? 


x x™Inx, x™(nx’, ...,  x™dnx! 


are k linearly independent solutions. Correspondingly, the general solution of the differential 
equation must then contain a linear combination of these k solutions. 


Case III: Conjugate Complex Roots If the roots of (2) are the conjugate pair 
m, =a + iB, m, = a — if, where a and 6 > 0 are real, then a solution 
is y = C,x**'? + Cyx*®, But when the roots of the auxiliary equation are 
complex, as in the case of equations with constant coefficients, we wish 
to write the solution in terms of real functions only. We note the identity 


xB = (elt) = gibine 
which, by Euler’s formula, is the same as 
xP = cos(B In x) + 7 sin(6 In x). 
Similarly, x B= cos(B In x) — i sin(6 In x). 
Adding and subtracting the last two results yields 
xP 4+ xP = 2 cos(B Inx) and xB — yo = 2; sin(B In x), 


respectively. From the fact that y = C,x**? + Cx*"* is a solution for 
any values of the constants, we see, in turn, for C; = C, = | and C; = 1, 
C, = —|] that 

y= x2(x!P + x 'P) and y= x(x!8 — x7 'P) 
or y, = 2x*cos(BInx) and y, = 2ix* sin( B In x) 


are also solutions. Since W(x“ cos( In x), x* sin(B In x)) = Bx"! # 0, 
B > 0, on the interval (0, 00), we conclude that 


y, =x*cos(Blnx) and = yy, = x*sin(B In x) 


constitute a fundamental set of real solutions of the differential equation. 
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Hence the general solution of (1) is 


y = x*[c, cos(B In x) + c sin(B In x)]. (5) 


| EXAMPLE3 | An Initial-Value Problem 


Solve the initial-value problem 4x’y" + 17y = 0, y(1) = -1, y'(1) = -3}. 


SOLUTION The y’ term is missing in the given Cauchy—Euler equation; nevertheless, the 
substitution y = x” yields 


Axy" + VTy = x"(4m(m — 1) + 17) = x"(m? — 4m + 17) = 0 


y when 4m? — 4m + 17 = 0. From the quadratic formula we find that the roots are m, = 5 + 2i 
10 and m, = + — 2i. With the identifications a = + and B = 2, we see from (5) that the general 


solution of the differential equation on the interval (0, co) is 


y = x!? fe, cos(2 In x) + c, sin(2 In x)]. 


L 75 100) By applying the initial conditions y(1) = —1, y'(1) = 0 to the foregoing solution and using 
_sit In | = 0 we then find, in turn, that c, = —1 and c, = 0. Hence the solution of the initial- 
: value problem is y = —x!”cos (2 In x). The graph of this function, obtained with the aid of 
FIGURE 3.6.1 Graph of solution of IVP computer software, is given in FIGURE 3.6.1 The particular solution is seen to be oscillatory and 
in Example 3 unbounded as x > oo. = 


The next example illustrates the solution of a third-order Cauchy—Euler equation. 


| EXAMPLE4 | Third-Order Equation 


d*y d*y dy 
3 + 5x? +7 + 8y = 0. 
dx? ’ dx? a y 


SOLUTION The first three derivatives of y = x” are 


Solve x 


d d’ 
- = x, oe = m(m — 1)x™"~?, = m(m — 1)\(m — 2)x"-3 


dy 
dx? 


so that the given differential equation becomes 


d*y re d , 
4 52S 4 Te + By =m — Lm — De" 3 + 522 mm — De"? + Tamer"! + 8x" 
dx” dx dx 
= x"(m(m — 1)\(m — 2) + 5mm — 1) + 7m + 8) 
= x"(m> + 2m? + 4m + 8) = X"(m + 2)(n?* + 4) = 0. 
In this case we see that y = x” will be a solution of the differential equation for m, = —2, 
My = 2i, and m,; = —2i. Hence the general solution on the interval (0, oo) is 


y =cx * + c)cos(2 Inx) + c; sin(2 In x). = 


Hi N onhomogeneous Eq uations The method of undetermined coefficients as described 
in Section 3.4 does not carry over, in general, to linear differential equations with variable coef- 
ficients. Consequently, in the following example the method of variation of parameters is employed. 


| EXAMPLES | Variation of Parameters 


Solve x’y" — 3xy’ + 3y = 2x*e”. 


SOLUTION Since the equation is nonhomogeneous, we first solve the associated homogeneous 
equation. From the auxiliary equation (m — 1)(m — 3) = 0 we find y, = cyx + cx*. Now 
before using variation of parameters to find a particular solution y, = u,y, + uyyo, recall that 
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the formulas u; = W,/W and wu; = W,/W, where W,, W>, and W are the determinants defined 
on page 137, and were derived under the assumption that the differential equation has been 
put into the standard form y" + P(x)y’ + Q(x)y = f(x). Therefore we divide the given equation 
by x*, and from 


wv 


3 3 sy 
y ad ae ee 


we make the identification f(x) = 2xe". Now with y, = x, y. = x° and 


3 


x x 
= = 3 = eee 5% _ — 3 ox 
= 3x7] a Qx7e* 3x7| a 1 2x7e* as 
. 2x°e* : 2x3e* ; 
we find ul =— oe —x*eX and w= io e. 
x x 


The integral of the latter function is immediate, but in the case of uj we integrate by parts 
twice. The results are u, = —x°e* + 2xe* — 2e* and uy = e*. Hence 


Vp = UY, + Uy. = (—x7e* + 2xe* — 2e*)x + etx? = 2x7 e* — 2xe*. 


Finally the general solution of the given equation is 


YF Ve + Vp = CX + Coxe + xe = Ixe". 


Hi A Generalization The second-order differential equation 


> 


, dy d 
ax %) 2 + be + 3) +cy=0 (6) 


is a generalization of equation (1). Note that (6) reduces to (1) when x) = 0. We can solve 

Cauchy—Euler equations of the form given in (6) exactly as we did in (1), namely, by seeking 

solutions y = (x — x9)” and using 
dy 


= m(x — Xo)""' and ie min = 1) = x_)”?. 


See Problems 39-42 in Exercises 3.6. 


REMARKS 


The similarity between the forms of solutions of Cauchy—Euler equations and solutions of 
linear equations with constant coefficients is not just a coincidence. For example, when the 
roots of the auxiliary equations for ay” + by’ + cy = Oand ax’y" + bxy' + cy = Oare distinct 


and real, the respective general solutions are 
yHe@" +oe™ aml ys eps ex, x >, (7) 


In view of the identity e'"* = x, x > 0, the second solution given in (7) can be expressed in 
the same form as the first solution: 


ys Ege a eg = eget ae ce™, 


where t = In x. This last result illustrates another fact of mathematical life: Any Cauchy— 
Euler equation can always be rewritten as a linear differential equation with constant coef- 
ficients by means of the substitution x = e’. The idea is to solve the new differential 
equation in terms of the variable ft, using the methods of the previous sections, and once 
the general solution is obtained, resubstitute t = In x. Since this procedure provides a good 
review of the Chain Rule of differentiation, you are urged to work Problems 43-48 in 
Exercises 3.6. 
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| 3.6 Exercises Answers to selected odd-numbered problems begin on page ANS-5. 


In Problems 1-18, solve the given differential equation. 


1. xy" — 2y =0 2. 4x°y"+y=0 
3. xy’ + y’ =0 4. xy" — 3y' =0 
5. xy” + xy’ + 4y =0 6. xy’ + Sxy’ + 3y =0 
7. xy" — 3xy’ — 2y =0 8. xy" + 3xy’ — 4y =0 
9, 25x’y" + 25xy'+y=0 10. 4x*y’ + 4xy’ —y=0 


11. xy” + S5xy' + 4y =0 12. x’y" + 8xy' + 6y =0 
13. 3x*y" + 6xy’ + y=0 14. x’y" — Txy' + 4ly =0 
15. xy” — 6y =0 16. xy” + xy’ -y=0 

17. xy + 6y” =0 

18. xy + 6x*y” + Oxy" + 3xy’ + yy =0 

In Problems 19-24, solve the given differential equation by 
variation of parameters. 

19. xy” — 4y’ =x 20. 2x’y" + Sxy’ ty =x*-x 
21. xy” — xy’ + y = 2x 22. x’y" — Ixy’ + 2y=x'e 
1 
x+1 


23. xy" + xy’ —y=Inx 24, xy" + xy’ —y= 


In Problems 25-30, solve the given initial-value problem. Use a 
graphing utility to graph the solution curve. 


25. xy” + 3xy’ = 0, y(1) = 0, y'(1) = 4 

26. xy" — 5xy’ + 8y =0, y(2) = 32, y'(2) =0 
27. xy" + xy’ + y=0, wl) =1,y'(1) =2 

28. xy" — 3xy’ + 4y = 0, y(1) = 5, y') =3 
29. xy" +y' =x, yp) = Ly’) = -3 

30. x’y” — 5xy’ + 8y = 8x°, y(3) = 0, y’(3) = 0 


In Problems 31 and 32, solve the given boundary-value problem. 


31. xy" — Txy’ + 12y =0, y(0) = 0, v1) = 0 
32. xy" — 3xy’ + 5y =0, y(1) = 0, we) = 1 


In Problems 33-38, find a homogeneous Cauchy—Euler 
differential equation whose general solution is given. 


33. y= ox + ox? 


34. y=c, + ex 

35. y= cx 2 + ex 32lnx 

36. y = c, + cox + 03x Inx 

37. y = c, cos(Inx) + c,sin(Inx) 


1/2 1/2 


38. y = cx cos($Inx) + Cox sin(5 nx) 


In Problems 39-42, use the substitution y = (x — x9)’ to solve 
the given equation. 


2 


39. (x + 3) y” — B(x + 3)y’ + 14y =0 
40. (x — 1)’ y’ — (x — Dy’ + 5y =0 
AM. (x + 2)? y+ (e+ 2)y'+y=0 
42. (x — 4)’ y" — 5(x — By’ + 9y =0 


In Problems 43-48, use the substitution x = e’ to transform the 
given Cauchy—Euler equation to a differential equation with 
constant coefficients. Solve the original equation by solving the 
new equation using the procedures in Sections 3.3-3.5. 

43, x’y" + Oxy’ — 20y=0 44. xy” — Oxy’ + 25y =0 

45. xy" + 10xy’ + 8y =x 46. xy" — 4xy’ + 6y = Inv? 


146 | CHAPTER3 Higher-Order Differential Equations 


4]. xy" — 3xy' + 13y =4 + 3x 
48, x°y" 6by=3 +x 


3x°y" + 6xy’ 
In Problems 49 and 50, use the substitution tf = —x to solve the 
given initial-value problem on the interval (—oo, 0). 

49. 4x’y"+ y=0, y(-l =2, y'(-l) =4 

50. x’y” — 4xy’ + 6y = 0, y(—2) = 8, y'(—2) = 0 


Mathematical Models 


Pierre Gharghouri, Professor Emeritus, Jean-Paul 
Pascal, Associate Professor, Department of 
Mathematics Ryerson University, Toronto, Canada 


Contributed Problem 


51. Temperature of a Fluid A very long cylindrical shell is 
formed by two concentric circular cylinders of different 
radii. A chemically reactive fluid fills the space between the 
concentric cylinders as shown in green in FIGURE 3.6.2. The 
inner cylinder has a radius of | and is thermally insulated, 
while the outer cylinder has a radius of 2 and is maintained 
at a constant temperature 7p. The rate of heat generation in 
the fluid due to the chemical reactions is proportional to T/r?, 
where 7(r) is the temperature of the fluid within the space 
bounded between the cylinders defined by 1 < r < 2. Under 
these conditions the temperature of the fluid is defined by 
the following boundary-value problem: 


a@T i1dT T 


=~, 1<r<2, 
dr ordr Pr 
dT 
“| =0, 70)=f,. 
dr|\,=1 


Find the temperature distribution 7(r) within the fluid. 


FIGURE 3.6.2 Cylindrical shell in Problem 51 


52. In Problem 51, find the minimum and maximum values of 
T(r) on the interval defined by 1 = r = 2. Why do these 
values make intuitive sense? 

53. Bending of aCircular Plate In the analysis of the bending 
of a uniformly loaded circular plate, the equation w(r) of the 
deflection curve of the plate can be shown to satisfy the 
third-order differential equation 


dw 1 d’w 1 dw qd (8) 
= r 
dr? r dr? 


re dr 2D” 


where g and D are constants. Here r is the radial distance from 56. Find a Cauchy—Euler differential equation of lowest order 
a point on the circular plate to its center. with real coefficients if it is known that 2 and 1 — i are two 
(a) Use the method of this section along with variation of roots of its auxiliary equation. 

parameters as given in (10) of Section 3.5 to find the 57. The initial conditions y(O) = yo, y'(0) = y,, apply to each of 


general solution of equation (8). 
(b) Finda solution of (8) that satisfies the boundary conditions 


w’'(0) = 0, w(a) = 0, w'(a) = 0, 


where a > 0 is the radius of the plate. [Hint: The condition 
w’(0) = O is correct. Use this condition to determine one of 


the following differential equations: 
xy" — 0, 
xy” — Ixy’ + 2y =0, 
xy" — 4xy’ + 6y = 0. 


For what values of yo and y, does each initial-value problem 


the constants in the general solution of (8) found in part (a).] 

54. In the engineering textbook where the differential equation in 
Problem 53 was found, the author states that the differential 
equation is readily solved by integration. True, but you have 
to realize that equation (8) can be written in the form given 
next. 


have a solution? 

58. What are the x-intercepts of the solution curve shown in 
Figure 3.6.1? How many x-intercepts are there in the interval 
defined by 0 < x < 3? 


mputer Lab Assignment 
(a) Verify that equation (8) can be written in the alternative Co siete ab Ass abate 


form In Problems 59-62, solve the given differential equation by using 
dlid/ a a CAS to find the (approximate) roots of the auxiliary equation. 
(- ) -_1, (9) 59. 2x*y"" — 10.98x2y" + 8.5xy’ + 13y =0 
drirdr\ dr 2D é ; 
60. xy” + 4x°y" + 5xy’ — 9y = 0 
(b) Solve equation (9) using only integration with respect to 61. xy + 6x3 y" + Sey" — 3xy’ + 4y =0 
r. Show your result is equivalent to the solution obtained 62. x*y — 6x°y" + 33x2y" — 105xy’ + 169y = 0 
in part (a) of Problem 53. 


In Problems 63 and 64, use a CAS as an aid in computing roots 
of the auxiliary equation, the determinants given in (10) of 


Discussion Problems Section 3.5, and integrations. 


55. Give the largest interval over which the general solution of 
Problem 42 is defined. 


63. xy” — xy" — Ixy’ + Gy =H 
64. xy” + 2x’y" — 8xy’ + 12y =x“ 


3.7 Nonlinear Equations 


INTRODUCTION The difficulties that surround higher-order nonlinear DEs and the few 
methods that yield analytic solutions are examined next. 


Hi Some Differences There are several significant differences between linear and nonlin- 
ear differential equations. We saw in Section 3.1 that homogeneous linear equations of order two 
or higher have the property that a linear combination of solutions is also a solution (Theorem 
3.1.2). Nonlinear equations do not possess this property of superposability. For example, on the 
interval (—oo, co), y; = e', yo = e *, y3 = cos x, and y, = sin x are four linearly independent 
solutions of the nonlinear second-order differential equation (y")” — y* = 0. But linear combina- 
tions such as y = cye’ + c3 COS xX, y = Cpe * + cy Sin x, y = cye" + Ce “+ c3C0Sx + C4 Sin x are 
not solutions of the equation for arbitrary nonzero constants c;. See Problem | in Exercises 3.7. 

In Chapter 2 we saw that we could solve a few nonlinear first-order differential equations by 
recognizing them as separable, exact, homogeneous, or perhaps Bernoulli equations. Even though 
the solutions of these equations were in the form of a one-parameter family, this family did not, 
as a rule, represent the general solution of the differential equation. On the other hand, by paying 
attention to certain continuity conditions, we obtained general solutions of linear first-order 
equations. Stated another way, nonlinear first-order differential equations can possess singular 
solutions whereas linear equations cannot. But the major difference between linear and nonlinear 
equations of order two or higher lies in the realm of solvability. Given a linear equation there is 
a chance that we can find some form of a solution that we can look at, an explicit solution or 
perhaps a solution in the form of an infinite series. On the other hand, nonlinear higher-order 
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differential equations virtually defy solution. This does not mean that a nonlinear higher-order 
differential equation has no solution but rather that there are no analytical methods whereby 
either an explicit or implicit solution can be found. 

Although this sounds disheartening, there are still things that can be done; we can always 
analyze a nonlinear DE qualitatively and numerically. 

Let us make it clear at the outset that nonlinear higher-order differential equations are 
important—dare we say even more important than linear equations?—because as we fine-tune 
the mathematical model of, say, a physical system, we also increase the likelihood that this 
higher-resolution model will be nonlinear. 

We begin by illustrating an analytical method that occasionally enables us to find explicit/ 
implicit solutions of special kinds of nonlinear second-order differential equations. 


Hi Reduction of Order Nonlinear second-order differential equations F(x, y’, y") = 0, 
where the dependent variable y is missing, and F'(y, y’, y’) = 0, where the independent variable 
x is missing, can sometimes be solved using first-order methods. Each equation can be reduced 
to a first-order equation by means of the substitution uv = y’. 

The next example illustrates the substitution technique for an equation of the form F (x, y’, y”) = 0. 
If u = y’, then the differential equation becomes F (x, u, u’) = 0. If we can solve this last equation 
for u, we can find y by integration. Note that since we are solving a second-order equation, its 
solution will contain two arbitrary constants. 


| EXAMPLE1 | Dependent Variable yls Missing 


Solve y" = 2x(y')’. 


SOLUTION If we let u = y’, then du/dx = y". After substituting, the second-order equation 
reduces to a first-order equation with separable variables; the independent variable is x and 
the dependent variable is u: 


d d 
ae 2xu? or ies = 2x dx 
dx un 

[tau = [ax 


| 
= 
| 


= x? + ch. 


The constant of integration is written as c? for convenience. The reason should be obvious in 
the next few steps. Since u' = 1/y’, it follows that 


dy _ 1 
dx x? + ci 
d | a r¢ ee = 
and so =- or = ——tan —+ c. = 
y x2 + ¢? y C C1 2 


Next we show how to solve an equation that has the form F'(y, y’, y’) = 0. Once more we let 
u = y’, but since the independent variable x is missing, we use this substitution to transform the 
differential equation into one in which the independent variable is y and the dependent variable 
is u. To this end we use the Chain Rule to compute the second derivative of y: 


du du dy du 
= =u—. 
dx dy dx dy 


a 


In this case the first-order equation that we must now solve is F'(y, u, u du/dy) = 0. 


| EXAMPLE2 | Independent Variable xls Missing 


Solve yy" =(y’)’. 


SOLUTION With the aid of u = y’, the Chain Rule shown above, and separation of variables, 
the given differential equation becomes 


(ne du _ dy 
Ne u or : 
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Integrating the last equation then yields In lul = In lyl + c,, which, in turn, gives u = coy, 
where the constant +e" has been relabeled as c,. We now resubstitute u = dy/dx, separate 
variables once again, integrate, and relabel constants a second time: 


d 
|? = ofan or Inll=cxte; or y=cye™. = 


Hi Use of Taylor Series In some instances a solution of a nonlinear initial-value prob- 
lem, in which the initial conditions are specified at x9, can be approximated by a Taylor series 
centered at Xp. 


| EXAMPLE3 | Taylor Series Solution of an IVP 


Let us assume that a solution of the initial-value problem 


y=xty-y, yOru=-1, yO==1 (1) 


exists. If we further assume that the solution y(x) of the problem is analytic at 0, then y(x) 
possesses a Taylor series expansion centered at 0: 


, 0 ”" 0 m 0 (4) 0 (5) 0 
yx) = y(0) + es r: oe + = Lee a a a USS hue 


(2) 


Note that the value of the first and second terms in the series (2) are known since those values 
are the specified initial conditions y(0) = —1, y’(0) = 1. Moreover, the differential equation 
itself defines the value of the second derivative at 0: y’(0) = 0 + y(0) — y(0)? =0+ (-1) 

(—1)? = —2. We can then find expressions for the higher derivatives y”, y, ..., by calculating 


the successive derivatives of the differential equation: 


d 
y"@) = = @ ty ay) = 1+ y= 2yy" (3) 
dx 
(4) =, d ’ WN = agll ” 1W\2 
PS Ay ay Sy aay ad (4) 
(5) = d ” ” PON. eae 0 m nw 
YR) = FO" = 2yy" = 2Cy')") = y" = Dy" — by'y (5) 


and so on. Now using y(0) = —1 and y’(0) = 1 we find from (3) that y”(0) = 4. From the 
values y(0) = —1, y’(0) = 1, and y"(0) = —2, we find y(0) = —8 from (4). With the additional 
information that y’"(0) = 4, we then see from (5) that y°’(0) = 24. Hence from (2), the first 
six terms of a series solution of the initial-value problem (1) are 

2 1 1 


yx) = -lt+x-2x 4 er ar eae = 


3 


il Use of a Numerical Solver Numerical methods, such as Euler’s method or a Runge- 
Kutta method, are developed solely for first-order differential equations and then are extended 
to systems of first-order equations. In order to analyze an nth-order initial-value problem 
numerically, we express the nth-order ODE as a system of n first-order equations. In brief, 
here is how it is done for a second-order initial-value problem: First, solve for y”; that is, 
put the DE into normal form y” = f(x, y, y’), and then let y’ = u. For example, if we substitute 
y’ =uin 
dy ; ; 

dee =f, vy )s y(Xo) =Yo Y¥ (Xo) = Uo; (6) 


then y” = w' and y'(x9) = u(x) so that the initial-value problem (6) becomes 


olve: 
ul = f(x,y, uv) 


Subject to: y(%) = yo, U(X) = Uo- 
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Taylor polynomial 


solution curve 
generated by a 
numerical solver 


FIGURE 3.7.1 Comparison of two 
approximate solutions in Example 4 


y 


FIGURE 3.7.2 Numerical solution curve 


of IVP in (1) of Example 3 


However, it should be noted that a commercial numerical solver may not require* that you supply 
the system. 


| EXAMPLE4 | Graphical Analysis of Example 3 


Following the foregoing procedure, the second-order initial-value problem in Example 3 is 
equivalent to 


dy 
wanes 5 
dx 
du ie ‘4 
meee _ 
dx yy 
with initial conditions y(0) = —1, u(O) = 1. With the aid of a numerical solver we get the 


solution curve shown in blue in FIGURE 3.7.1. For comparison, the curve shown in red is the 
graph of the fifth-degree Taylor polynomial T;(x) = —1 + x — 2° + 9x3 — 4x4 + 4x9. Although 
we do not know the interval of convergence of the Taylor series obtained in Example 3, the 
closeness of the two curves in the neighborhood of the origin suggests that the power series 


may converge on the interval (— 1, 1). = 


I| Qualitative Questions The blue graph in Figure 3.7.1 raises some questions of a qual- 
itative nature: Is the solution of the original initial-value problem oscillatory as x oo? The graph 
generated by a numerical solver on the larger interval shown in FIGURE 3.7.2 would seem to suggest 
that the answer is yes. But this single example, or even an assortment of examples, does not 
answer the basic question of whether all solutions of the differential equation y" = x + y — y* 
are oscillatory in nature. Also, what is happening to the solution curves in Figure 3.7.2 when x 
is near — 1? What is the behavior of solutions of the differential equation as x > —oo? Are solu- 
tions bounded as x — co? Questions such as these are not easily answered, in general, for non- 
linear second-order differential equations. But certain kinds of second-order equations lend 
themselves to a systematic qualitative analysis, and these, like their first-order relatives encoun- 
tered in Section 2.1, are the kind that have no explicit dependence on the independent variable. 
Second-order ODEs of the form 
2 


! Ua d‘y ' 
F(y,y',y")=0 or Be Le)» 
X 


that is, equations free of the independent variable x, are called autonomous. The differential 
equation in Example 2 is autonomous, and because of the presence of the x term on its right side, 
the equation in Example 3 is nonautonomous. For an in-depth treatment of the topic of stability 
of autonomous second-order differential equations and autonomous systems of differential equa- 
tions, the reader is referred to Chapter 11. 


*Some numerical solvers require only that a second-order differential equation be expressed in normal 
form y" = f(x, y, y’). The translation of the single equation into a system of two equations is then built into 
the computer program, since the first equation of the system is always y’ = u and the second equation is 
u' = f(x, y, u). 


Se7 4 Exercises Answers to selected odd-numbered problems begin on page ANS-6. 


In Problems 1 and 2, verify that y, and y, are solutions of the In Problems 3—6, the dependent variable y is missing in the 
given differential equation but that y = c,y, + cpy, is, in general, given differential equation. Proceed as in Example | and solve 
not a solution. the equation by using the substitution u = y’. 

1. (y" y*; y e. yy cos x 3. y" + (y'? +1=0 4, 9" = Jt Cry 

2 w=30'i w= bLy=r 5. xy" + (y')) = 0 Bey" =('P 
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In Problems 7—10, the independent variable x is missing in the 
given differential equation. Proceed as in Example 2 and solve 
the equation by using the substitution u = y’. 


Lyargyy tio & (ad Hoy 
9. y” + 2y(y'P = 0 10. y*y"” = y’ 
11. Consider the initial-value problem 
y'+yy'=0, y(0)=1, y'O)=-1. 
(a) Use the DE and a numerical solver to graph the solution 
curve. 
(b) Find an explicit solution of the IVP. Use a graphing util- 
ity to graph this solution. 
(c) Find an interval of definition for the solution in part (b). 


12. Find two solutions of the initial-value problem 


"2 +0’ = 1, y2) =4, y'(@/2) = V3/2. 


Use a numerical solver to graph the solution curves. 


In Problems 13 and 14, show that the substitution u = y’ leads 
to a Bernoulli equation. Solve this equation (see Section 2.5). 


13. xy’ =y' + 0’ 14, xy" =y' + x(y'? 

In Problems 15-18, proceed as in Example 3 and obtain the first 

six nonzero terms of a Taylor series solution, centered at 0, of 

the given initial-value problem. Use a numerical solver and a 

graphing utility to compare the solution curve with the graph of 

the Taylor polynomial. 

15. y’=x+y’, yO) =1,y'0 =1 

16. y’+y=1, y(0) =2, y'0) =3 

17, y’=x' + y — 2y', 0) = 1, y'@) = 1 

18. y’ =e’, y(0) = 0, y’(0) = -1 

19. In calculus, the curvature of a curve that is defined by a 
function y = f(x) is defined as 


” 


_ y 
ie [1 + oP pp 
Find y = f(x) for which k = 1. [Hint: For simplicity, ignore 
constants of integration. ] 


Discussion Problems 


20. In Problem 1| we saw that cos x and e* were solutions of the 
nonlinear equation (y")? — y* = 0. Verify that sin x and e * 
are also solutions. Without attempting to solve the differ- 


ential equation, discuss how these explicit solutions can be 


found by using knowledge about linear equations. Without 
attempting to verify, discuss why the linear combinations 
y=ce +oe *+c;cosx + cqsinx and y = coe *+ cysinx 
are not, in general, solutions, but the two special linear com- 
binations y = cye’ + c,e * and y = c3 cos x + cy sin x must 
satisfy the differential equation. 

21. Discuss how the method of reduction of order considered 
in this section can be applied to the third-order differential 
equation y” = V1 + (y")*. Carry out your ideas and solve 
the equation. 

22. Discuss how to find an alternative two-parameter family of 
solutions for the nonlinear differential equation y” = 2x(y') 
in Example 1. [Hint: Suppose that —cj is used as the constant 
of integration instead of +c7.] 


Mathematical Models 


23. Motion ina Force Field A mathematical model for the posi- 
tion x(t) of a body moving rectilinearly on the x-axis in an 
inverse-square force field is given by 


d’x ke 
dt? x7 


Suppose that at t = 0 the body starts from rest from the posi- 
tion x = Xo, Xy > 0. Show that the velocity of the body at time 
tis given by v? = 2k?(1/x — 1/xo). Use the last expression and 
a CAS to carry out the integration to express time ¢ in terms 
of x. 

24. A mathematical model for the position x(t) of a moving 
object is 


9 


dn + sinx = 0. 


Use a numerical solver to investigate graphically the solutions 
of the equation subject to x(0) = 0, x'(0) = x, x, = 0. Discuss 
the motion of the object for ¢ = 0 and for various choices of x,. 
Investigate the equation 


dx i dx — 0 
5) sin _ 
dt? | dt “ 


in the same manner. Give a possible physical interpretation 
of the dx/dt term. 


3.8 | Linear Models: Initial-Value Problems 


INTRODUCTION In this section we are going to consider several linear dynamical systems 
in which each mathematical model is a linear second-order differential equation with constant 
coefficients along with initial conditions specified at time fo: 


d 


dy 


ay 
dt? 


+ a, 


ae + agy = g(t), yt) = Yo y'(o) = yi 
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unstretche 


equilibrium 
position 
mg —ks =0 


motion 
(a) (b) (c) 
FIGURE 3.8.1 Spring/mass system 


FIGURE 3.8.2 Positive direction is below 
equilibrium position 
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The function g is variously called the input, driving, or forcing function of the system. The 
output or response of the system is a function y(t) defined on an J interval containing f that 
satisfies both the differential equation and the initial conditions on the interval /. 


3.8.1. Spring/Mass Systems: Free Undamped Motion 

I| Hooke’s Law Suppose a flexible spring is suspended vertically from a rigid support and 
then a mass m is attached to its free end. The amount of stretch, or elongation, of the spring will, 
of course, depend on the mass; masses with different weights stretch the spring by differing 
amounts. By Hooke’s law, the spring itself exerts a restoring force F opposite to the direction of elonga- 
tion and proportional to the amount of elongation s. Simply stated, F = —ks, where k > 0 is a constant 
of proportionality called the spring constant. The spring is essentially characterized by the number k. 
Using |F| = &\s|, we see that if a mass weighing 10 Ib stretches a spring + ft, then 10 = k(3) implies 
k = 20 lb/ft. Necessarily then, a mass weighing, say, 8 lb stretches the same spring only # ft. 


I| Newton’s Second Law After a mass mis attached to a spring, it stretches the spring by 
an amount s and attains a position of equilibrium at which its weight W is balanced by the restor- 
ing force ks. Recall that weight is defined by W = mg, where mass is measured in slugs, kilograms, 
or grams and g = 32 ft/s”, 9.8 m/s”, or 980 cm/s’, respectively. As indicated in FIGURE 3.8.1(b), the 
condition of equilibrium is mg = ks or mg — ks = 0. If the mass is displaced by an amount x 
from its equilibrium position, the restoring force of the spring is then k(x + s). Assuming that 
there are no retarding forces acting on the system and assuming that the mass vibrates free of 
other external forces—free motion—we can equate Newton’s second law with the net, or resultant, 
force of the restoring force and the weight: 


vid 


d* 
m —~ = —k(s + x) + mg = —kx + mg — ks = — ke (1) 
dt Ca 


Zero 


The negative sign in (1) indicates that the restoring force of the spring acts opposite to the direc- 
tion of motion. Furthermore, we can adopt the convention that displacements measured below 
the equilibrium position are positive. See FIGURE 3.8.2. 


]| DE of Free Undamped Motion By dividing (1) by the mass m we obtain the second- 
order differential equation d*x/dt? + (k/m)x = 0 or 
a= + wx = 0, (2) 
dt" 
where w* = k/m. Equation (2) is said to describe simple harmonic motion or free undamped 
motion. Two obvious initial conditions associated with (2) are x(0) = x9, the amount of initial 
displacement, and x'(0) = x, the initial velocity of the mass. For example, if x) > 0, x; < 0, the 
mass starts from a point below the equilibrium position with an imparted upward velocity. When 
x, = Othe mass is said to be released from rest. For example, if xy < 0, x, = 0, the mass is released 
from rest from a point |xo| units above the equilibrium position. 


[| Solution and Equation of Motion To solve equation (2) we note that the solutions 
of the auxiliary equation m? + w* = 0 are the complex numbers m, = wi, m, = —wi. Thus from 
(8) of Section 3.3 we find the general solution of (2) to be 


x(t) = c, cos wt + c, sin wt. (3) 


The period of free vibrations described by (3) is T = 277/w, and the frequency is f = 1/T = 
o/27. For example, for x(t) = 2 cos 3t — 4 sin 3¢ the period is 277/3 and the frequency is 3/277. 
The former number means that the graph of x(f) repeats every 27/3 units; the latter number 
means that there are three cycles of the graph every 27 units or, equivalently, that the mass 
undergoes 3/27 complete vibrations per unit time. In addition, it can be shown that the period 
277/w is the time interval between two successive maxima of x(t). Keep in mind that a maxi- 
mum of x(f) is a positive displacement corresponding to the mass’s attaining a maximum 
distance below the equilibrium position, whereas a minimum of x(f) is a negative displacement 
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C2 


FIGURE 3.8.3 A relationship between 
c; > 0, c, > 0, and phase angle @ 


corresponding to the mass’s attaining a maximum height above the equilibrium position. We 
refer to either case as an extreme displacement of the mass. Finally, when the initial condi- 
tions are used to determine the constants c, and c, in (3), we say that the resulting particular 
solution or response is the equation of motion. 


| EXAMPLE1 | Free Undamped Motion 


A mass weighing 2 pounds stretches a spring 6 inches. At t = 0 the mass is released from a 


point 8 inches below the equilibrium position with an upward velocity of } ft/s. Determine 
the equation of free motion. 


SOLUTION Because we are using the engineering system of units, the measurements given 
in terms of inches must be converted into feet: 6 in = 5 ft; 8 in = 3 ft. In addition, we must 
convert the units of weight given in pounds into units of mass. From m = W/g we have 


m = % = j6 Slug. Also, from Hooke’s law, 2 = k(5) implies that the spring constant is 
k = 4 1b/ft. Hence (1) gives 

lay d* iA 

— = or x= 

16 dt? dt? 
The initial displacement and initial velocity are x(0) = 3, x'(0) = — }, where the negative sign 


in the last condition is a consequence of the fact that the mass is given an initial velocity in 
the negative, or upward, direction. 
Now w” = 64 or w = 8, so that the general solution of the differential equation is 


x(t) = c, cos 8f + cp sin 84. (4) 
Applying the initial conditions to x(t) and x'(t) gives c, = } and c) = —%. Thus the equation 
of motion is 
2 1 
t) = —cos 8t — sin 84. 5) = 
0 ai 6 (5) 


I Alternative Form of x (t) When c, # 0 and c, + 0, the actual amplitude A of free 
vibrations is not obvious from inspection of equation (3). For example, although the mass in 
Example 1 is initially displaced 3 foot beyond the equilibrium position, the amplitude of vibrations 
is anumber larger than ¢. Hence it is often convenient to convert an equation of simple harmonic 
motion of the form given in (3) into the form of a shifted sine function (6) or a shifted cosine 
function (6’). In both (6) and (6’) thenumber A = \Vcj + c3is the amplitude of free vibrations, 
and ¢ is a phase angle. Note carefully that # is defined in a slightly different manner in (7) 
and (7'). 


y = Asin(wt + ¢) (6) y = Acos(at — ¢) (6’) 
where where 
F cy 2 Co 
sind = — sind = — 
A Cy 1) 
tand = — (7) tand = — (7’) 
<3 2 ge x, Bi a 
cosh = A cos r 


To verify (6), we expand sin(wt + @) by the addition formula for the sine function: 
Asin(wt + ¢) = Asinwtcosd + Acoswtsind = (Asind)cosat + (Acos¢)sinwt. (8) 


It follows from FIGURE 3.8.3 that if @ is defined by 
a _ ¢ C2 2) 
Ve? + 3 A’ 


sing = 


cosh = = 
Vici + ch A 


then (8) becomes 


a Co. 4 
A 4 Ost +A Anat = c,cosw@t + c)sinwt = x(t). 


3.8 Linear Models: Initial-Value Problems | 153 


154 


Be careful in the computation 
of the phase angle ¢. 


> 


| EXAMPLE2 | Alternative Form of Solution (5) 


In view of the foregoing discussion, we can write the solution (5) in the alternative forms (6) 
and (6’). In both cases the amplitude is A = V2 + (—}? = V2 ~ 0.69 ft. But some 
care should be exercised when computing a phase angle ¢. 


(a) With c, = } and c, = —2 we find from (7) that tan @ = —4. A calculator then gives 
tan” '(—4) = —1.326 rad. However, this is not the phase angle since tan” '(—4) is located in 
the fourth quadrant and therefore contradicts the fact that sin @ > 0 and cos @ < 0 because 
c, > 0 and c, < 0. Hence we must take ¢ to be the second-quadrant angle 
od = 7 + (1.326) = 1.816 rad. Thus, (6) gives 


17. 
x(t) = sin (8f + 1.816). (9) 
The period of this function is T = 27/8 = 7/4. 
(b) Now withc, = } and c, = —, we see that (7’) indicates that sin @ < Oand cos ¢ > 0 
and so the angle ¢ lies in the fourth quadrant. Hence from tan @ = —} we can take 
o = tan”-'(—}) = —0.245 rad. A second alternative form of solution (5) is then 
17 17 , 
x(t) = cos(8t — (—0.245)) or x(t) = cos(8t + 0.245). (9) = 


[| Graphical Interpretation FIGURE3.8.4(a) illustrates the mass in Example 2 going through 
approximately two complete cycles of motion. Reading left to right, the first five positions marked 
with black dots in the figure correspond, respectively, 


* to the initial position (x = 3) of the mass below the equilibrium position, 

¢ to the mass passing through the equilibrium position (x = 0) for the first time heading 
upward, 

¢ to the mass at its extreme displacement (x = ave, above the equilibrium position, 

* to the mass passing through the equilibrium position (x = 0) for the second time heading 
downward, and 

¢ to the mass at its extreme displacement (x = aT below the equilibrium position. 


The dots on the graph of (9) given in Figure 3.8.4(b) also agree with the five positions just given. 
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FIGURE 3.8.4 Simple harmonic motion 
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FIGURE 3.8.5 Parallel springs 
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support 


FIGURE 3.8.6 Springs in series 


(a) 
(b) 


FIGURE 3.8.7 Damping devices 


Note, however, that in Figure 3.8.4(b) the positive direction in the tx-plane is the usual upward 
direction and so is opposite to the positive direction indicated in Figure 3.8.4(a). Hence the blue 
graph representing the motion of the mass in Figure 3.8.4(b) is the mirror image through the 
t-axis of the red dashed curve in Figure 3.8.4(a). 

Form (6) is very useful, since it is easy to find values of time for which the graph of x(f) crosses 
the positive t-axis (the line x = 0). We observe that sin(wt + @) = 0 when wt + ¢ = nz, where 
nis a nonnegative integer. 


I| Double Spring Systems Suppose two parallel springs, with constants k, and k, are 
attached to a common rigid support and then to a metal plate of negligible mass. A single mass 
mis attached to the center of the plate in the double-spring arrangement as shown in FIGURE 3.8.5. 
If the mass is displaced from its equilibrium position, the displacement x is the same for both 
springs and so the net restoring force of the spring in (1) is simply —k,x — kyx = —(k, + ky)x. 
We say that 


Kore = ky + ky 


is the effective spring constant of the system. 

On the other hand, suppose two springs supporting a single mass m are in series, that is, the 
springs are attached end-to-end as shown in FIGURE 3.8.6. In this case, a displacement x of the 
mass from its equilibrium consists of the sum x = x, + x2, where x, and x, are the displacements 
of the respective springs. But the restoring force is the same for both springs so if k.; is the 
effective spring constant of the system we have 


Kep(X + XQ) = Thyxy = ThyXp. 

From k,x, = kox, we see x, = (k>/k,)x, and so —Kgge(x, + 2X) = —kyx> is the same as 

k, 

Kesg) HX F X_ | = kyr. 

ky 

Solving the last equation for Ke yields 
kik, 
Kose > . 
k, + ky 


So in either of the above cases, the differential equation of motion is (1) with k replaced by Keg. 
See Problems 13-18 in Exercises 3.8. 


I| Systems with Variable Spring Constants _ In the model discussed above, we assumed 
an ideal world, a world in which the physical characteristics of the spring do not change over time. 
In the nonideal world, however, it seems reasonable to expect that when a spring/mass system is in 
motion for a long period the spring would weaken; in other words, the “spring constant” would 
vary, or, more specifically, decay with time. In one model for the aging spring, the spring constant 
k in (1), is replaced by the decreasing function K(t) = ke“, k > 0, a > 0. The linear differential 
equation mx” + ke~“'x = O cannot be solved by the methods considered in this chapter. Nevertheless, 
we can obtain two linearly independent solutions using the methods in Chapter 5. See Problem 19 
in Exercises 3.8. 

When a spring/mass system is subjected to an environment in which the temperature is rapidly 
decreasing, it might make sense to replace the constant k with K(f) = kt, k > 0, a function that 
increases with time. The resulting model, mx” + ktx = 0, is a form of Airy’s differential equa- 
tion. Like the equation for an aging spring, Airy’s equation can be solved by the methods of 
Chapter 5. See Problem 20 in Exercises 3.8. 


3.8.2 Spring/Mass Systems: Free Damped Motion 


The concept of free harmonic motion is somewhat unrealistic, since the motion described by 
equation (1) assumes that there are no retarding forces acting on the moving mass. Unless the 
mass is suspended in a perfect vacuum, there will be at least a resisting force due to the surround- 
ing medium. As FIGURE 3.8.7 shows, the mass could be suspended in a viscous medium or connected 
to a dashpot damping device. 
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FIGURE 3.8.8 Motion of an overdamped 


system 


bk 


A 
rae 


FIGURE 3.8.9 Motion of a critically 


damped system 


undamped 


underdamped 


Wit 


FIGURE 3.8.10 Motion of an under- 


damped system 
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]| DE of Free Damped Motion In the study of mechanics, damping forces acting on a 
body are considered to be proportional to a power of the instantaneous velocity. In particular, we 
shall assume throughout the subsequent discussion that this force is given by a constant multiple 
of dx/dt. When no other external forces are impressed on the system, it follows from Newton’s 
second law that 


dt” 


m 


kx — p= (10) 


where P is a positive damping constant and the negative sign is a consequence of the fact that 
the damping force acts in a direction opposite to the motion. 

Dividing (10) by the mass m, we find the differential equation of free damped motion is 
d*x/dt’ + (B/m) dx/dt + (k/m)x = 0 or 


d’x dx 
+ 2A— + wx = 0, "1 
dt? es (1) 
k 
where 2. = Bo w= — (12) 
m m 


The symbol 2A is used only for algebraic convenience, since the auxiliary equation is m? + 2Am + 
w” = 0 and the corresponding roots are then 


m = —-At VN - w’, M, = -A- VN - w’. 


We can now distinguish three possible cases depending on the algebraic sign of A* — w*. Since 
each solution contains the damping factor e-™“, > 0, the displacements of the mass become 
negligible over a long period of time. 

CaseI: )?—a@* > 0 Inthis situation the system is said to be overdamped because 
the damping coefficient 6B is large when compared to the spring constant k. 


The corresponding solution of (11) is x(f) = ce” + coe! or 
x(t) — oer ae ce VEO ety, (13) 


Equation 13 represents a smooth and nonoscillatory motion. FIGURE 3.8.8 shows two possible 
graphs of x(Z). 
Case II: 4? —w*=0 The system is said to be critically damped because any slight 
decrease in the damping force would result in oscillatory motion. The general 
solution of (11) is x(t) = cye”"" + cote” or 


x(t) =e M(c, + et). (14) 


Some graphs of typical motion are given in FIGURE 3.8.9. Notice that the motion is quite similar 
to that of an overdamped system. It is also apparent from (14) that the mass can pass through the 
equilibrium position at most one time. 
Case IIT: A* — w* < 0 In this case the system is said to be underdamped because 
the damping coefficient is small compared to the spring constant. The roots 
m, and m, are now complex: 


m= -At+ Ve - Ni, m = -A- Va’ - Wi. 
Thus the general solution of equation (11) is 
x() = e “(c, cos V w* — Nt + cy sin Vow? — A’Z). (15) 


As indicated in FIGURE 3.8.10, the motion described by (15) is oscillatory, but because of the coef- 
ficient e “’, the amplitudes of vibration > 0 as t > 00. 
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1 0.601 

15 0.370 

2 0.225 

2.5 0.137 

3 0.083 
(b) 


FIGURE 3.8.11 Overdamped system in 
Example 3 


“—— maximum 
height above 
equilibrium position 


FIGURE 3.8.12 Critically damped system 
in Example 4 


| EXAMPLE3 | Overdamped Motion 


| EXAMPLE4 | Critically Damped Motion 


| EXAMPLES | Underdamped Motion 


It is readily verified that the solution of the initial-value problem 


Ux 5% Luo (0) =1, x’) =1 
dt? dt 7 Ea aaa 


5 2 
j= let = set 1 
is x(t) ae He (16) 


The problem can be interpreted as representing the overdamped motion of a mass on a spring. 
The mass starts from a position | unit below the equilibrium position with a downward veloc- 
ity of 1 ft/s. 

To graph x(t) we find the value of ¢ for which the function has an extremum—that is, the 
value of time for which the first derivative (velocity) is zero. Differentiating (16) gives 
x'(t) = —3e' + Se-*' so that x’(t) = 0 implies e* = § or t = } In § = 0.157. It follows from 
the first derivative test, as well as our intuition, that x(0.157) = 1.069 ft is actually a maximum. 
In other words, the mass attains an extreme displacement of 1.069 feet below the equilibrium 
position. 

We should also check to see whether the graph crosses the t-axis, that is, whether the mass 
passes through the equilibrium position. This cannot happen in this instance since the equation 


x(t) = 0, or e* = 2, has the physically irrelevant solution t = +1In } = —0.305. 
The graph of x(¢), along with some other pertinent data, is given in FIGURE 3.8.11. = 


An 8-pound weight stretches a spring 2 feet. Assuming that a damping force numerically 
equal to two times the instantaneous velocity acts on the system, determine the equation of 
motion if the weight is released from the equilibrium position with an upward velocity 
of 3 ft/s. 


SOLUTION From Hooke’s law we see that 8 = k(2) gives k = 4 lb/ft and that W = mg gives 
m = * = slug. The differential equation of motion is then 


1 d’x dx d°x dx 
= + 8— + 16x = 0. 17 
4 dt? dt da? dt wy 


The auxiliary equation for (17) is n? + 8m + 16 = (m+ 4 = 0s0 that m, = m, = —4. 
Hence the system is critically damped and 


x(t) = ce + cote. (18) 


Applying the initial conditions x(0) = 0 and x'(0) = —3, we find, in turn, that c; = 0 and 
C) = —3. Thus the equation of motion is 


x(t) = —3te™. (19) 


To graph x(t) we proceed as in Example 3. From.x’(f) = —3e “(1 — 4t) we see that x’(f) = 0 when 
t = 4. The corresponding extreme displacement is x(j) = —3(;)e | = —0.276 ft. As shown 
in FIGURE 3.8.12, we interpret this value to mean that the weight reaches a maximum height 


of 0.276 foot above the equilibrium position. = 


A 16-pound weight is attached to a 5-foot-long spring. At equilibrium the spring measures 
8.2 feet. If the weight is pushed up and released from rest at a point 2 feet above the equilibrium 
position, find the displacements x(f) if it is further known that the surrounding medium offers 
a resistance numerically equal to the instantaneous velocity. 
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SOLUTION The elongation of the spring after the weight is attached is 8.2 — 5 = 3.2 ft, so 


it follows from Hooke’s law that 16 = k(3.2) or k = 5 lb/ft. In addition, m = 3$ = + slug so 
that the differential equation is given by 


1 d’x dx d°x dx 

a = —5x -— — + 2—-+ 10x = 0. 20 

2 dt? a ca aa (20) 
Proceeding, we find that the roots of m? + 2m + 10 = Oare m, = —1+ 3iandm, = —1 — 3i, 


which then implies the system is underdamped and 


x(t) = e ‘(c; cos 3t + c, sin 32). (21) 
Finally, the initial conditions x(0) = —2 and x'(0) = 0 yield c; = —2 and c) = — 2 so the 
equation of motion is 
= 2, 
x(t) = e ‘| —2 cos 3t — 3 sin st : (22) = 


Hi Alternative Form of x (t) In a manner identical to the procedure used on page 153, 
we can write any solution 


x(t) = e “(c, cos Vw" — Nt + c, sin Vw* — A’2) 
in the alternative form 
x(t) = Ae sin(V w* — A*t + 9), (23) 


where A = V cj + c} and the phase angle ¢ is determined from the equations 


c 6 C 


; I 2 
=—, =— tangd=—. 
sind cos b and = 


The coefficient Ae’ is sometimes called the damped amplitude of vibrations. Because (23) is 
nota periodic function, the number 277/\Vw — A? is called the quasi period and Vw? — 2/2 
is the quasi frequency. The quasi period is the time interval between two successive maxima of 


x(t). You should verify, for the equation of motion in Example 5, that A = 2°V 10/3 and @ = 4.391. 
Therefore an equivalent form of (22) is 


2V/10 
x(t) = vo e'sin (3¢ + 4.391). 


3.8.3 Spring/Mass Systems: Driven Motion 
ee I| DE of Driven Motion with Damping Suppose we now take into consideration an 
cna external force f(t) acting on a vibrating mass on a spring. For example, f(t) could represent a 

driving force causing an oscillatory vertical motion of the support of the spring. See FIGURE 3.8.13. 
The inclusion of f(f) in the formulation of Newton’s second law gives the differential equation 
of driven or forced motion: 


d°x dx 
7 = ke SB. 24 
are B dt FO (24) 
Dividing (24) by m gives 
FIGURE 3.8.13 Oscill ical moti d°x dx 
8. scillatory vertical motion +s ore = Ftp, (25) 
of the support dt dt 
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T 
steady-state x,,(t) 


transient 


(a) 


x(t) = transient 
+ steady state 


n/2 
(b) 


FIGURE 3.8.14 Graph of solution (28) 
in Example 6 


where F(t) = f(#)/m and, as in the preceding section, 2A = B/m, w* = k/m. To solve the latter 
nonhomogeneous equation we can use either the method of undetermined coefficients or 
variation of parameters. 


| EXAMPLE6 | Interpretation of an Initial-Value Problem 


Interpret and solve the initial-value problem 


12 4 a= sede ae, BO) SO (26) 
7 x = COS4/, X' = 2. ah = 'Y; 
5 dt? dt 2 


SOLUTION We can interpret the problem to represent a vibrational system consisting of a 
mass (m = = slug or kilogram) attached to a spring (k = 2 lb/ft or N/m). The mass is released 
from rest 5 unit (foot or meter) below the equilibrium position. The motion is damped (8 = 1.2) 
and is being driven by an external periodic (T = 77/2 s) force beginning at t = 0. Intuitively 
we would expect that even with damping, the system would remain in motion until such time 
as the forcing function was “turned off,’ in which case the amplitudes would diminish. However, 
as the problem is given, f(t) = 5 cos 4f will remain “on” forever. 
We first multiply the differential equation in (26) by 5 and solve 


O46 Paine =o 
ee n= 
dt? dt 
by the usual methods. Since m, = —3 + i, m, = —3 — 1, it follows that 


x(t) = e “(c, cos t + c, sin ?). 


Using the method of undetermined coefficients, we assume a particular solution of the form 
X,(t) = A cos 4t + B sin 4t. Differentiating x,(7) and substituting into the DE gives 


x, + 6x, + 10x, = (— 6A + 24B) cos 4t + (—24A — 6B) sin 4t = 25 cos 4t. 
The resulting system of equations 


— 6A + 24B = 25, 24A — 68 = 0 


yields A ‘jy and B = 2°, It follows that 


25 50 
x(t) = e “(c, cost + c, sin f) — TT cos 4t + a1 sin 4¢. (27) 


When we set ¢ = 0 in the above equation, we obtain c, = 3%. By differentiating the expression 
and then setting t = 0, we also find that c, = — $¢. Therefore the equation of motion is 


38 86 25 50 
x(t) e*( cos t sin 7 cos 4t + — sin 4t. (28) = 
51 51 102 51 


[| Transient and Steady-State Terms When F is a periodic function, such as F(t) = 
Fy sin yt or F(t) = Fo cos yt, the general solution of (25) for A > 0 is the sum of a nonperiodic func- 
tion x,(f) and a periodic function x, (7). Moreover, x,(1) dies off as time increases; that is, lim,_,,..x,(f) = 0. 
Thus for a long period of time, the displacements of the mass are closely approximated by the par- 
ticular solution x,(f). The complementary function x,(d) is said to be a transient term or transient 
solution, and the function x,(t), the part of the solution that remains after an interval of time, is called 
a steady-state term or steady-state solution. Note therefore that the effect of the initial conditions 
ona spring/mass system driven by Fis transient. In the particular solution (28), e “(34 cos t — §° sin 2) 
is a transient term and x,(f) = — im cos 4t + 2? sin 4r is a steady-state term. The graphs of these two 
terms and the solution (28) are given in FIGURES 3.8.14(a) and 3.8.14(b), respectively. 
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| EXAMPLE7 | Transient/Steady-State Solutions 


The solution of the initial-value problem 


dx dx . , 
ae +2 a + 2x = 4cost + 2sint, x(0) = 0, x'(O) = x, 


where x, is constant, is given by 


x(t) = (x, — 2)e'sint + 2 sint. 
ae 


transient steady state 


T m/2 


Solution curves for selected values of the initial velocity x, are shown in FIGURE 3.8.15. 


FIGURE 3.8.15 Graphs of solution in The graphs show that the influence of the transient term is negligible for about 


Example 7 for various values of x, t > 37/2. = 
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]| DE of Driven Motion Without Damping With a periodic impressed force and no 
damping force, there is no transient term in the solution of a problem. Also, we shall see that a 
periodic impressed force with a frequency near or the same as the frequency of free undamped 
vibrations can cause a severe problem in any oscillatory mechanical system. 


| EXAMPLES | 8 Undamped Forced Motion 


Solve the initial-value problem 


d°x 2 é 2 
ae +ox=Fosinyt, x0)=0, x'(0)=0, (29) 


where Fy is a constant and y # w. 


SOLUTION The complementary function is x.(t) = c,; cos wt + c sin wt. To obtain a 
particular solution we assume x,(t) = A cos yt + B sin yt so that 


208 WX, = A(w* — y”) cos yt + B(w* — y”) sin yt = Fo sin yt. 
Equating coefficients immediately gives A = 0 and B = Fy/(w* — y*). Therefore 
ae 
an) = Pe a 
Applying the given initial conditions to the general solution 
; Fo. 
X(t) = Cc, COS wt + Cy) Sin wt + ———; sin yt 
wo 
yields c; = 0 and c) = —yFy/w(w* — y’). Thus the solution is 


x0) = = Fo 


ae (-ysinwt+a@siny), yo. (30) = 
oy 


I| Pure Resonance Although equation (30) is not defined for y = w, it is interesting to 
observe that its limiting value as y > w can be obtained by applying L’ H6pital’s rule. This 
limiting process is analogous to “tuning in” the frequency of the driving force (y/27r) to the 
frequency of free vibrations (w/27r). Intuitively we expect that over a length of time we 
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FIGURE 3.8.16 Graph of solution in (31) 
illustrating pure resonance 


L 


| 
| 
Cc 


FIGURE 3.8.17 LRC-series circuit 


should be able to increase the amplitudes of vibration substantially. For y = w we define the 
solution to be 


d 
: : —(—ysinwt + wsinyt) 
—ysinwt + wsinyt d 


x(t) = limFo 5 a = Fy lim 
you w(w —Yy ) you 3 2 
a — wy) 
Y 
_ —Ssinwt + wtcos yt 
= Fy lim 
yw —2wy 
—sinwt + wtcoswt 
“ae —20" 
F F 
= — sinwt — — tcosat. (31) 
20° 2@ 


As suspected, when t— oo the displacements become large; in fact, | x(t,,) |— oo when t, = n7/o, 
n= 1,2, .... The phenomenon we have just described is known as pure resonance. The graph 
given in FIGURE 3.8.16 shows typical motion in this case. 

In conclusion, it should be noted that there is no actual need to use a limiting process on (30) to 
obtain the solution for y = w. Alternatively, equation (31) follows by solving the initial-value 
problem 

d “x 2 : , 
qe ot tee x(0)=0, x'(0)=0 
directly by the methods of undetermined coefficients or variation of parameters. 

If the displacements of a spring/mass system were actually described by a function such 
as (31), the system would necessarily fail. Large oscillations of the mass would eventually force 
the spring beyond its elastic limit. One might argue too that the resonating model presented in 
Figure 3.8.16 is completely unrealistic, because it ignores the retarding effects of ever-present 
damping forces. Although it is true that pure resonance cannot occur when the smallest amount 
of damping is taken into consideration, large and equally destructive amplitudes of vibration 
(although bounded as t — oo) can occur. See Problem 47 in Exercises 3.8. 


3.8.4 Series Circuit Analogue 


Hi LRC-Series Circuits As mentioned in the introduction to this chapter, many different 
physical systems can be described by a linear second-order differential equation similar to the 
differential equation of forced motion with damping: 


d’x dx 


me + B Ht + kx = f(t). (32) 


If i(t) denotes current in the LRC-series electrical circuit shown in FIGURE 3.8.17, then the voltage 
drops across the inductor, resistor, and capacitor are as shown in Figure 1.3.5. By Kirchhoff’s 
second law, the sum of these voltages equals the voltage E(t) impressed on the circuit; that is, 


di I 
L— + Rit+ —q= E(. 
FF roe (0) (33) 


But the charge g(¢) on the capacitor is related to the current i(t) by i = dq/dt, and so (33) becomes 
the linear second-order differential equation 


1 
Zz h— se = E(t). 34 
ie x” C8 (t) (34) 


The nomenclature used in the analysis of circuits is similar to that used to describe spring/ 
mass systems. 
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If E(t) = 0, the electrical vibrations of the circuit are said to be free. Since the auxiliary equation 
for (34) is Lm? + Rm + 1/C = 0, there will be three forms of the solution with R # 0, depending 
on the value of the discriminant R? — 4L/C. We say that the circuit is 


overdamped if R? — 4L/C > 0, 
critically damped if R? — 4L/C = 0, 
and underdamped if R? — 4LIC <0. 
In each of these three cases the general solution of (34) contains the factor e R21 andso q(t) 0 


as t — oo. In the underdamped case when q(0) = qo, the charge on the capacitor oscillates as it 
decays; in other words, the capacitor is charging and discharging as t > oo. When E(t) = 0 and 
R = 0, the circuit is said to be undamped and the electrical vibrations do not approach zero as ¢ 
increases without bound; the response of the circuit is simple harmonic. 


| EXAMPLES | Underdamped Series Circuit 


Find the charge q(t) on the capacitor in an LRC-series circuit when L = 0.25 henry (h), 
R = 10 ohms (Q), C = 0.001 farad (f), E(t) = 0 volts (V), g(0) = go coulombs (C), and 
i(0) = 0 amperes (A). 


SOLUTION Since 1/C = 1000, equation (34) becomes 
1 
71’ + 10q' + 10007 =0 org" + 40g" + 4000q = 0. 


Solving this homogeneous equation in the usual manner, we find that the circuit is underdamped 

and q(t) = e * (c, cos 60t + c, sin 602). Applying the initial conditions, we find c, = qo and c) = 
qo/3. Thus q(t) = ge (cos 60t + 5 sin 607). Using (23), we can write the foregoing solution as 

_ dV 10 -20t = 

q(t) = 3 e sin(60t + 1.249). = 

When there is an impressed voltage E(t) on the circuit, the electrical vibrations are said to be 

forced. In the case when R # 0, the complementary function g,(t) of (34) is called a transient 

solution. If E(7) is periodic or a constant, then the particular solution q,(1) of (34) is a steady- 

state solution. 


| EXAMPLE 10 | Steady-State Current 


Find the steady-state solution q,(7) and the steady-state current in an LRC-series circuit when 
the impressed voltage is E(t) = Ep sin yt. 


SOLUTION The steady-state solution g,(¢) is a particular solution of the differential equation 


q 1 
L +R + = Ey sin yt. 
Bee ge ES 
Using the method of undetermined coefficients, we assume a particular solution of the form 
g/t) = A sin yt + B cos yt. Substituting this expression into the differential equation, sim- 
plifying, and equating coefficients gives 


1 eae 
If X = Ly - —, then X° = Ly’ — — + =. 
Cy C Cy 
——— wm. 1 
IfZ= Vx? +R, thn Z2=DyY-=+— 554+ RP 
C Cy 
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Therefore A = Ey)X/(—yZ’) and B = E,RM—yZ >), so the steady-state charge is 


@ EX. ER ; 
= —>—_, sin yi — —_, cosy 
Dp yZ? ¥ yZ Y 


Now the steady-state current is given by i,(1) = q,(0): 


i (t) Ey (2 wer X ? 
i = \|ssinyt — scosyt }. 
4 Z Z 


7 (35) = 


The quantities X = Ly — 1/(Cy) and Z = VX? + R? defined in Example 10 are called, 
respectively, the reactance and impedance of the circuit. Both the reactance and the impedance 


are measured in ohms. 


| 3.8 Exercises Answers to selected odd-numbered problems begin on page ANS-6. 


Spring/Mass Systems: Free Undamped 
Motion 


. Amass weighing 4 pounds is attached to a spring whose spring 

constant is 16 lb/ft. What is the period of simple harmonic 

motion? 

. A20-kilogram mass is attached to a spring. If the frequency 

of simple harmonic motion is 2/7 cycles/s, what is the 

spring constant k? What is the frequency of simple harmonic 

motion if the original mass is replaced with an 80-kilogram 

mass? 

. A mass weighing 24 pounds, attached to the end of a spring, 

stretches it 4 inches. Initially, the mass is released from rest 

from a point 3 inches above the equilibrium position. Find the 

equation of motion. 

. Determine the equation of motion if the mass in Problem 3 is 

initially released from the equilibrium position with an initial 

downward velocity of 2 ft/s. 

. A mass weighing 20 pounds stretches a spring 6 inches. The 

mass is initially released from rest from a point 6 inches below 

the equilibrium position. 

(a) Find the position of the mass at the times tf = 7/12, 77/8, 
qr/6, 7/4, and 977/32 s. 

(b) What is the velocity of the mass when ft = 377/16 s? In 
which direction is the mass heading at this instant? 

(c) At what times does the mass pass through the equilibrium 
position? 

. A force of 400 newtons stretches a spring 2 meters. A mass 

of 50 kilograms is attached to the end of the spring 

and is initially released from the equilibrium position with 

an upward velocity of 10 m/s. Find the equation of 

motion. 

. Another spring whose constant is 20 N/m is suspended from 

the same rigid support but parallel to the spring/mass 

system in Problem 6. A mass of 20 kilograms is attached 

to the second spring, and both masses are initially released 


10. 


from the equilibrium position with an upward velocity of 

10 m/s. 

(a) Which mass exhibits the greater amplitude of motion? 

(b) Which mass is moving faster at tf = 77/4 s? At 77/2 s? 

(c) At what times are the two masses in the same position? 
Where are the masses at these times? In which directions 
are they moving? 


. A mass weighing 32 pounds stretches a spring 2 feet. 


(a) Determine the amplitude and period of motion if the mass 
is initially released from a point | foot above the 
equilibrium position with an upward velocity of 2 ft/s. 

(b) How many complete cycles will the mass have made at 
the end of 477 seconds? 


. A mass weighing 8 pounds is attached to a spring. When set in 


motion, the spring/mass system exhibits simple harmonic motion. 

(a) Determine the equation of motion if the spring constant 
is | lb/ft and the mass is initially released from a point 
6 inches below the equilibrium position with a downward 
velocity of 3 ft/s. 

(b) Express the equation of motion in the form of a shifted 
sine function given in (6). 

(c) Express the equation of motion in the form of a shifted 
cosine function given in (6’). 

A mass weighing 10 pounds stretches a spring ; foot. This 

mass is removed and replaced with a mass of 1.6 slugs, which 

is initially released from a point + foot above the equilibrium 
position with a downward velocity of 3 ft/s. 

(a) Express the equation of motion in the form of a shifted 
sine function given in (6). 

(b) Express the equation of motion in the form of a shifted 
cosine function given in (6’). 

(c) Use one of the solutions obtained in parts (a) and (b) to 
determine the times the mass attains a displacement below 
the equilibrium position numerically equal to + the am- 
plitude of motion. 
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14. 


19. 


. Amass weighing 64 pounds stretches a spring 0.32 foot. The 


mass is initially released from a point 8 inches above the 
equilibrium position with a downward velocity of 5 ft/s. 


(a) Find the equation of motion. 
(b) What are the amplitude and period of motion? 


(c) How many complete cycles will the mass have completed 
at the end of 377 seconds? 


(d) At what time does the mass pass through the equilibrium 
position heading downward for the second time? 


(e) At what time does the mass attain its extreme displace- 
ment on either side of the equilibrium position? 


(f) What is the position of the mass at tf = 3 s? 

(g) What is the instantaneous velocity at t = 3 s? 

(h) What is the acceleration at t = 3 s? 

(i) What is the instantaneous velocity at the times when the 
mass passes through the equilibrium position? 

(j) At what times is the mass 5 inches below the equilibrium 
position? 

(k) At what times is the mass 5 inches below the equilibrium 
position heading in the upward direction? 


. A mass of | slug is suspended from a spring whose spring 


constant is 9 1b/ft. The mass is initially released from a point 
1 foot above the equilibrium position with an upward velocity 
of V3 ft/s. Find the times for which the mass is heading down- 
ward at a velocity of 3 ft/s. 


. Amass weighing 20 pounds stretches one spring 6 inches and 


another spring 2 inches. The springs are attached to a common 
rigid support and then to a metal plate of negligible mass as 
shown in Figure 3.8.5; the mass is attached to the center of 
the plate in the double-spring arrangement. Determine the 
effective spring constant of this system. Find the equation of 
motion if the mass is initially released from the equilibrium 
position with a downward velocity of 2 ft/s. 


A certain weight stretches one spring } foot and another 
spring 5 foot. The two springs are attached in parallel to a 
common rigid support in a manner indicated in Problem 13 
and Figure 3.8.5. The first weight is set aside, and a mass 
weighing 8 pounds is attached to the double-spring arrange- 
ment and the system is set in motion. If the period of 
motion is 77/15 second, determine how much the first mass 
weighs. 


. Solve Problem 13 again, but this time assume that the springs 


are in series as shown in Figure 3.8.6. 


. Solve Problem 14 again, but this time assume that the springs 


are in series as shown in Figure 3.8.6. 


. Find the effective spring constant of the parallel-spring system 


shown in Figure 3.8.5 when both springs have the spring con- 
stant k. Give a physical interpretation of this result. 


. Find the effective spring constant of the series-spring system 


shown in Figure 3.8.6 when both springs have the spring con- 
stant k. Give a physical interpretation of this result. 

A model of a spring/mass system is 4x” + e °"'x = 0. By in- 
spection of the differential equation only, discuss the behavior 
of the system over a long period of time. 
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20. 


A model of a spring/mass system is 4x” + tx = 0. By inspec- 
tion of the differential equation only, discuss the behavior of 
the system over a long period of time. 


3.8.2 Spring/Mass Systems: Free Damped Motion 


In Problems 21—24, the given figure represents the graph of an 
equation of motion for a damped spring/mass system. Use the 
graph to determine 


21. 


23. 


25. 


26. 


27. 


(a) whether the initial displacement is above or below the 
equilibrium position, and 

(b) whether the mass is initially released from rest, heading 
downward, or heading upward. 


x 22. x 


FIGURE 3.8.18 Graph 
for Problem 21 


FIGURE 3.8.19 Graph 
for Problem 22 


- 24. x 


_ 


I 
I 


FIGURE 3.8.20 Graph 
for Problem 23 


FIGURE 3.8.21 Graph 
for Problem 24 


A mass weighing 4 pounds is attached to a spring whose constant 
is 2 lb/ft. The medium offers a damping force that is numerically 
equal to the instantaneous velocity. The mass is initially released 
from a point | foot above the equilibrium position with a down- 
ward velocity of 8 ft/s. Determine the time at which the mass 
passes through the equilibrium position. Find the time at which 
the mass attains its extreme displacement from the equilibrium 
position. What is the position of the mass at this instant? 
A 4-foot spring measures 8 feet long after a mass weighing 
8 pounds is attached to it. The medium through which the mass 
moves offers damping force numerically equal to V2 times the 
instantaneous velocity. Find the equation of motion if the mass 
is initially released from the equilibrium position with a down- 
ward velocity of 5 ft/s. Find the time at which the mass attains 
its extreme displacement from the equilibrium position. What 
is the position of the mass at this instant? 
A 1-kilogram mass is attached to a spring whose constant is 
16 N/m, and the entire system is then submerged in a liquid that 
imparts a damping force numerically equal to 10 times the in- 
stantaneous velocity. Determine the equations of motion if 
(a) the mass is initially released from rest from a point | 
meter below the equilibrium position, and then 
(b) the mass is initially released from a point | meter below 
the equilibrium position with an upward velocity of 12 m/s. 


28. 


29. 


30. 


31. 


32. 


In parts (a) and (b) of Problem 27, determine whether the mass 

passes through the equilibrium position. In each case find the 

time at which the mass attains its extreme displacement from 

the equilibrium position. What is the position of the mass at 

this instant? 

A force of 2 pounds stretches a spring | foot. A mass 

weighing 3.2 pounds is attached to the spring, and the system 

is then immersed in a medium that offers a damping force 

numerically equal to 0.4 times the instantaneous velocity. 

(a) Find the equation of motion if the mass is initially released 
from rest from a point | foot above the equilibrium 
position. 

(b) Express the equation of motion in the form given 
in (23). 

(c) Find the first time at which the mass passes through the 
equilibrium position heading upward. 

After amass weighing 10 pounds is attached to a 5-foot spring, 

the spring measures 7 feet. This mass is removed and replaced 

with another mass that weighs 8 pounds. The entire system is 

placed in a medium that offers a damping force numerically 

equal to the instantaneous velocity. 

(a) Find the equation of motion if the mass is initially released 
from a point + foot below the equilibrium position with 
a downward velocity of | ft/s. 

(b) Express the equation of motion in the form given 
in (23). 

(c) Find the times at which the mass passes through the equi- 
librium position heading downward. 

(d) Graph the equation of motion. 

A mass weighing 10 pounds stretches a spring 2 feet. The 

mass is attached to a dashpot damping device that offers a 

damping force numerically equal to 6 (6 > 0) times the in- 

stantaneous velocity. Determine the values of the damping 

constant so that the subsequent motion is (a) overdamped, 

(b) critically damped, and (c) underdamped. 

A mass weighing 24 pounds stretches a spring 4 feet. The 

subsequent motion takes place in a medium that offers a damp- 

ing force numerically equal to B (8 > 0) times the instanta- 

neous velocity. If the mass is initially released from the 

equilibrium position with an upward velocity of 2 ft/s, show 

that when B > 3-V2 the equation of motion is 


, 2 
x(t) = ere sinh Bp’ — 18t. 


-3 
Vp? — 18 


3.8.3. Spring/Mass Systems: Driven Motion 


33. 


34. 


A mass weighing 16 pounds stretches a spring § feet. The 
mass is initially released from rest from a point 2 feet below 
the equilibrium position, and the subsequent motion takes 
place in a medium that offers a damping force numerically 
equal to one-half the instantaneous velocity. Find the equa- 
tion of motion if the mass is driven by an external force equal 
to f(t) = 10 cos 3. 

A mass of | slug is attached to a spring whose constant is 
5 lb/ft. Initially the mass is released 1 foot below the 
equilibrium position with a downward velocity of 5 ft/s, and 


35. 


36. 


37. 


38. 


39. 


40. 


the subsequent motion takes place in a medium that offers a 
damping force numerically equal to two times the instanta- 
neous velocity. 

(a) Find the equation of motion if the mass is driven by an 
external force equal to f(t) = 12 cos 2 + 3 sin 21. 

(b) Graph the transient and steady-state solutions on the same 
coordinate axes. 

(c) Graph the equation of motion. 

A mass of | slug, when attached to a spring, stretches it 2 feet 

and then comes to rest in the equilibrium position. Starting at 

t = 0, an external force equal to f(t) = 8 sin 4¢ is applied to 

the system. Find the equation of motion if the surrounding 

medium offers a damping force numerically equal to eight 
times the instantaneous velocity. 

In Problem 35 determine the equation of motion if the exter- 

nal force is f(t) = e ‘ sin 4t. Analyze the displacements for 

t—> oo. 

When a mass of 2 kilograms is attached to a spring whose 

constant is 32 N/m, it comes to rest in the equilibrium position. 

Starting at t = 0, a force equal to f(t) = 68e *' cos 4¢ is 

applied to the system. Find the equation of motion in the 

absence of damping. 

In Problem 37 write the equation of motion in the form x(‘) = 

A sin(wt + o) + Be~~ sin(4t + 0). What is the amplitude of 

vibrations after a very long time? 

A mass m is attached to the end of a spring whose constant is 

k, After the mass reaches equilibrium, its support begins to 

oscillate vertically about a horizontal line L according to a 

formula h(t). The value of h represents the distance in feet 

measured from L. See FIGURE 3.8.22. 

(a) Determine the differential equation of motion if the entire 
system moves through a medium offering a damping force 
numerically equal to B(dx/dt). 

(b) Solve the differential equation in part (a) if the spring is 
stretched 4 feet by a weight of 16 pounds and B = 2, 
h(t) = 5 cos t, x(0) = x'(0) = 0. 


“4 support 


FIGURE 3.8.22 Oscillating support in Problem 39 


A mass of 100 grams is attached to a spring whose constant 

is 1600 dynes/cm. After the mass reaches equilibrium, its sup- 

port oscillates according to the formula A(t) = sin 8t, where 

h represents displacement from its original position. See 

Problem 35 and Figure 3.8.21. 

(a) In the absence of damping, determine the equation of 
motion if the mass starts from rest from the equilibrium 
position. 

(b) At what times does the mass pass through the equilibrium 
position? 
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(c) 


(d) 
(e) 


At what times does the mass attain its extreme 
displacements? 

What are the maximum and minimum displacements? 
Graph the equation of motion. 


In Problems 41 and 42, solve the given initial-value problem. 


41. 


42. 


43. 


44. 


45. 


2 


d-x 


dt 
ax 


dt? 
(a) 


(b) 


+ 4x = —5 sin 2t + 3 cos 2t, x(0) = —1, x’(0) = 1 


+ 9x =5 sin 3t, x(0) = 2, x’(0) =0 


Show that the solution of the initial-value problem 


d*x ‘ 
ae + wx = Fycos yt, x(0) = 0, x'(0) = 0 
; Fo 
is X(t) = +——z (cos yt — coswt). 
wy 


F, 
Evaluate lim = (cos yt — cos wf). 
you WD — 


Compare the result obtained in part (b) of Problem 43 with 
the solution obtained using variation of parameters when the 
external force is Fo cos wt. 


(a) 


(b) 


166 


Show that x(7) given in part (a) of Problem 43 can be 
written in the form 


x(t) = woe ot = w)t sin (y + o)t. 


If we define ¢ = Hy — w), show that when « is small, 
an approximate solution is 


Fy 
x(t) = —— sinet sinyt. 
Y 


When ¢ is small the frequency y/277 of the impressed force 
is close to the frequency w/27r of free vibrations. When 
this occurs, the motion is as indicated in FIGURE 3.8.23. 
Oscillations of this kind are called beats and are due 
to the fact that the frequency of sin ef is quite small in 
comparison to the frequency of sin yt. The red dashed 
curves, or envelope of the graph of x(¢), are obtained from 
the graphs of +(F,/2ey) sin et. Use a graphing utility 
with various values of Fo, €, and y to verify the graph in 
Figure 3.8.23. 


FIGURE 3.8.23 Beats phenomenon in Problem 45 
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Computer Lab Assignments 


46. Can there be beats when a damping force is added to the 
model in part (a) of Problem 43? Defend your position with 
graphs obtained either from the explicit solution of the 
problem 


d?x 
dt’ 


dx F , 
ge a x(0) =0, x’(0) =0 


or from solution curves obtained using a numerical solver. 
47. (a) Show that the general solution of 


dx 7 . 
ar + wx = Fo sin yt 
x(t) = Ae sin(V w — Wt + od) 


+ Fo 
Via — 22 2.2 
yy + 4a°y 


sin(yt + 6), 


where A = V cj + c} and the phase angles ¢ and @ are, 
respectively, defined by sin @ = c,/A, cos @ = c,/A and 


—2Ay 
Vw? _ yy + Any? 


sind = 


ao ¥Y 
Vw? _ yy + Any? 


cos@ = 


(b) The solution in part (a) has the form x(t) = x,(f) + x,(¢). 
Inspection shows that x,(/) is transient, and hence for large 
values of time, the solution is approximated by x,(7) = 


g(y) sin(yt + 6), where 
(y) Fo 
g(y) = ' 
Vw? — v2)? + 422 


Although the amplitude g(y) of x, (0) is bounded as t— oo, 
show that the maximum oscillations will occur at the value 


y, = Vo? — 2A’. What is the maximum value of g? 


The number V w* — 2A7/277 is said to be the resonance 
frequency of the system. 


(c) When Fy = 2,m = 1, andk = 4, g becomes 


2 
Va- yy + Bye 


ay) = 


Construct a table of the values of y, and g(y,) correspond- 
ing to the damping coefficients B = 2, B = 1,8 = 3, B=3, 
and 6 = §. Use a graphing utility to obtain the graphs of 
g corresponding to these damping coefficients. Use the 
same coordinate axes. This family of graphs is called 
the resonance curve or frequency response curve of 
the system. What is y, approaching as 6B — 0? What is 
happening to the resonance curve as B > 0? 


48. Consider a driven undamped spring/mass system described 
by the initial-value problem 


(a) Forn = 2, discuss why there is a single frequency y,/27 
at which the system is in pure resonance. 


(b) For n = 3, discuss why there are two frequencies y,/277 
and y,/27r at which the system is in pure resonance. 

(c) Suppose w = | and Fy = 1. Use a numerical solver to 
obtain the graph of the solution of the initial-value 
problem for n = 2 and y = y, in part (a). Obtain the 
graph of the solution of the initial-value problem for 
n = 3 corresponding, in turn, to y = y,; and y = y, in 
part (b). 


3.8.4 Series Circuit Analogue 


49. Find the charge on the capacitor in an LRC-series circuit at 
t = 0.01 s when L = 0.05h, R = 20, C = 0.01 f, E® = OV, 
q(0) = 5C, and i(0) = 0 A. Determine the first time at which 
the charge on the capacitor is equal to zero. 


50. Find the charge on the capacitor in an LRC-series circuit when 
L=7h,R = 200, C = xf, E® = OV, q(0) = 4C, and 
i(0) = OA. Is the charge on the capacitor ever equal to zero? 


In Problems 51 and 52, find the charge on the capacitor and 
the current in the given LRC-series circuit. Find the maximum 
charge on the capacitor. 


51. L = 3h,R=100,C = ¥f, E(t) = 300 V, gO) = OC, 
i(0) =O0A 

52. L=1h,R = 1000, C = 0.0004 f, E(t) = 30 V, g(0) = OC, 
i(0) =2A 


53. 


54. 


55. 


57. 


58. 


59. 


60. 


61. 


62. 


Find the steady-state charge and the steady-state current in an 
LRC-series circuit when L = 1h, R = 2.0, C = 0.25 f, and 
E(t) = 50 cos t V. 


Show that the amplitude of the steady-state current in the 
LRC-series circuit in Example 10 is given by E)p/Z, where Z 
is the impedance of the circuit. 


Use Problem 54 to show that the steady-state current in an 
LRC-series circuit when L = +h, R= 200, C = 0.001 f, and 
E(t) = 100 sin 60rV is given by i,(7) = 4.160 sin(60r — 0.588). 


. Find the steady-state current in an LRC-series circuit when 


L= 5 h, R = 20 Q, C = 0.001 f, and E(t) = 100 sin 60¢ + 
200 cos 40t V. 


Find the charge on the capacitor in an LRC-series circuit when 
L=th,R=100,C =0.01 f, E® = 150 V, q(0) = 1C, and 
i(0) = 0 A. What is the charge on the capacitor after a long 
time? 


Show that if ZL, R, C, and Ey are constant, then the amplitude 
of the steady-state current in Example 10 is a maximum when 
y = 1/VLC. What is the maximum amplitude? 


Show that if Z, R, Eo, and y are constant, then the amplitude 
of the steady-state current in Example 10 is a maximum when 
the capacitance is C = 1/Ly’. 


Find the charge on the capacitor and the current in an LC-circuit 
when L = 0.1 h, C = 0.1 f, E® = 100 sin yt V, q(O) = OC, 
and i(0) = OA. 


Find the charge on the capacitor and the current in an LC-circuit 
when E(t) = E) cos yt V, g(0) = qo C, and i(0) = ip A. 


In Problem 61, find the current when the circuit is in 
resonance. 


3.9| Linear Models: Boundary-Value Problems 


INTRODUCTION The preceding section was devoted to dynamic physical systems each 
described by a mathematical model consisting of a linear second-order differential equation 
accompanied by prescribed initial conditions—that is, side conditions that are specified on 
the unknown function and its first derivative at a single point. But often the mathematical 
description of a steady-state phenomenon or a static physical system demands that we solve 
a linear differential equation subject to boundary conditions—that is, conditions specified 
on the unknown function, or on one of its derivatives, or even on a linear combination of the 
unknown function and one of its derivatives, at two different points. By and large, the number 
of specified boundary conditions matches the order of the linear DE. We begin this section 
with an application of a relatively simple linear fourth-order differential equation associated 
with four boundary conditions. 


Hi Deflection of a Beam Many structures are constructed using girders, or beams, and these 
beams deflect or distort under their own weight or under the influence of some external force. As we 
shall now see, this deflection y(x) is governed by a relatively simple linear fourth-order differential 


equation. 
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_ 


axis of symmetry 


deflection curve 


(b) 


FIGURE 3.9.1 Deflection of a 
homogeneous beam 


#=0 x=L 


(a) Embedded at both ends 


x=0 x=L 


(b) Cantilever beam: embedded at the 
left end, free at the right end 


| re \ 


x=0 X= L 


(c) Simply supported at both ends 


FIGURE 3.9.2 Beams with various end 
conditions 


TABLE 3.9.1 

Ends of Boundary 
the Beam Conditions 
Embedded y=0,y' =0 
Free y’=0,y"=0 
Simply supported y=0,y’=0 
or hinged 


To begin, let us assume that a beam of length L is homogeneous and has uniform cross sections 
along its length. In the absence of any load on the beam (including its weight), a curve joining the 
centroids of all its cross sections is a straight line called the axis of symmetry. See FIGURE 3.9.1(a). 
If a load is applied to the beam in a vertical plane containing the axis of symmetry, the beam, as 
shown in Figure 3.9.1(b), undergoes a distortion, and the curve connecting the centroids of all 
cross sections is called the deflection curve or elastic curve. The deflection curve approximates 
the shape of the beam. Now suppose that the x-axis coincides with the axis of symmetry and that 
the deflection y(x), measured from this axis, is positive if downward. In the theory of elasticity 
it is shown that the bending moment M(x) at a point x along the beam is related to the load per 
unit length w(x) by the equation 


d°M 
dx? 


= w(x). (1) 


In addition, the bending moment M(x) is proportional to the curvature x of the elastic curve 
M(x) = Elk, (2) 


where E and / are constants; E is Young’s modulus of elasticity of the material of the beam, and J 
is the moment of inertia of a cross section of the beam (about an axis known as the neutral axis). 
The product E/ is called the flexural rigidity of the beam. 

Now, from calculus, curvature is given by k = y"/[1 + (y’)’}?. When the deflection y(x) is 
small, the slope y’ ~ 0 and so [1 + (y’)?}? = 1. If we let x ~ y”, equation (2) becomes M = Ely". 
The second derivative of this last expression is 


d’M 7 ic . = we? 
dx? ae dx* 


(3) 


Using the given result in (1) to replace d*>M/dx’ in (3), we see that the deflection y(x) satisfies the 
fourth-order differential equation 


4 


d 
HI = w(x). (4) 


Boundary conditions associated with equation (4) depend on how the ends of the beam are 
supported. A cantilever beam is embedded or clamped at one end and free at the other. A div- 
ing board, an outstretched arm, an airplane wing, and a balcony are common examples of such 
beams, but even trees, flagpoles, skyscrapers, and the George Washington monument can act as 
cantilever beams, because they are embedded at one end and are subject to the bending force of 
the wind. For a cantilever beam, the deflection y(x) must satisfy the following two conditions at 
the embedded end x = 0: 


e y(0) = 0 since there is no deflection, and 
e y’(O) = O since the deflection curve is tangent to the x-axis (in other words, the slope 
of the deflection curve is zero at this point). 


At x = L the free-end conditions are 


e y"(L) = 0 since the bending moment is zero, and 
e y"(L) = 0 since the shear force is zero. 


The function F (x) = dM/dx = EI d*y/dx? is called the shear force. If an end of a beam is 
simply supported or hinged (also called pin supported, and fulcrum supported), then we must 
have y = 0 and y” = 0 at that end. Table 3.9.1 summarizes the boundary conditions that are 
associated with (4). See FIGURE 3.9.2. 


| EXAMPLE 1 | An Embedded Beam 


A beam of length L is embedded at both ends. Find the deflection of the beam if a constant 
load wy is uniformly distributed along its length—that is, w(x) = Wo, O< x < L. 
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FIGURE 3.9.3 Deflection curve for 
Example | 


SOLUTION From (4), we see that the deflection y(x) satisfies 


Because the beam is embedded at both its left end (x = 0) and right end (x = L), there is no 
vertical deflection and the line of deflection is horizontal at these points. Thus the boundary 
conditions are 


y0O)=0, yO=0, yH=0, y'Z)=0. 


We can solve the nonhomogeneous differential equation in the usual manner (find y, by ob- 
serving that m = 0 is a root of multiplicity four of the auxiliary equation m* = 0, and then 
find a particular solution y, by undetermined coefficients), or we can simply integrate the 
equation d*y/dx* = wy/EI four times in succession. Either way, we find the general solution 
of the equation y = y, + y, to be 


Wo x4 
24EI ” 


yx) = cy + cox + cyx? + egx? + 


Now the conditions y(0) = 0 and y’(0) = 0 give, in turn, c; = 0 and c, = 0, whereas the 
Wo 


4EI 


remaining conditions y(L) = 0 and y'(L) = 0 applied to y(x) = c3x + cyx*? + 5 x" yield 


the simultaneous equations 


Wo 
24EI 


ol? + ¢,L3 + T=) 
‘en 63a 4 eG 
? : 6EI 


Solving this system gives c; = wy L*/24EI and c, = —WoL/12EI. Thus the deflection is 


Wo Lv’ 2 WoL 3 Wo 


x= x? x4 
24EI 12E] 24EI 


y(x) = 


Wo 
24EI 
deflection curve in FIGURE 3.9.3. = 


or y(x) = x(x — L). By choosing wy = 24EI, and L = 1, we obtain the graph of the 


The discussion of the beam notwithstanding, a physical system that is described by a two-point 
boundary-value problem usually involves a second-order differential equation. Hence, for the 
remainder of the discussion in this section we are concerned with boundary-value problems of 
the type 

d-y dy 
Solve: a(x) —Z + a(x) — + alx)y = g(x), a<x<b (5) 
dx* dx 
Aiy(a) + Byy'(a) = C 


6 
Asy(b) + Boy'(b) = Cy. a 


Subject to: 


In (5) we assume that the coefficients ao(x), a,(x), ay(x), and g(x) are continuous on the interval 
[a, b] and that a(x) # 0 for all x in the interval. In (6) we assume that A, and B, are not both zero 
and A, and B, are not both zero. When g(x) = 0 for all x in [a, b] and C, and C, are 0, we say that 
the boundary-value problem is homogeneous. Otherwise, we say that the boundary-value problem 
is nonhomogeneous. For example, the BVP y’ + y = 0, y(O) = 0, y(z7) = 0 is homogeneous, 
whereas the BVP y” + y = 1, y(0) = 0, y(27r) = 0 is nonhomogeneous. 


|| Eigenvalues and Eigenfunctions In applications involving homogeneous boundary- 
value problems, one or more of the coefficients in the differential equation (5) may depend on a 
constant parameter A. As a consequence the solutions y,(x) and y,(x) of the homogeneous DE (5) 
also depend on A. We often wish to determine those values of the parameter for which the 
boundary-value problem has nontrivial solutions. The next example illustrates this idea. 
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| EXAMPLE2 | Nontrivial Solutions of a BVP 


Solve the homogeneous boundary-value problem 


y+ay=0, yO)=0, yh) =0. 


SOLUTION We consider three cases: A = 0, A < 0, anda > 0. 


Case I: 


Case IT: 


Case IIT: 


-1 


For A = 0, the solution of the DE y” = 0 is y = c,x + c». Applying the bound- 
ary conditions y(0) = 0 and y(L) = 0 to this solution yields, in turn, c; = 0 and 
c,; = 0. Hence for A = 0, the only solution of the boundary-value problem is 
the trivial solution y = 0. 


For A < 0, it is convenient to write A = —a’, where a > 0. With this new nota- 
tion the auxiliary equation is m* — a” = 0 and has roots m, = a and m, = —a. 
Because the interval on which we are working is finite, we choose to write 
the general solution of y” — a*y = 0 in the hyperbolic form y = c, cosh ax + 
Cy sinh ax. From y(0) = 0 we see 


y(0) = c, coshO + cy sinhO = cy-1+c¢,-0=c, 


implies c, = 0. Hence y = c, sinh ax. The second boundary condition y(L)= 0 
then requires c, sinh aL = 0. When a # 0, sinh aL # 0, and so we are forced 
to choose c, = 0. Once again the only solution of the BVP is the trivial solution 
y=0. 


For A > 0 we write A = a’, where a > 0. The auxiliary equation m” + a” = 0 
now has complex roots m, = ia and m, = —ia, and so the general solution of 
the DE y’ + a’y = Ois y = c, cos ax + c, sin ax. As before, y(0) = 0 yields 
c, = Oand so y = cy sinax. Then y(L) = 0 implies 


Cc) sinaL = 0. 


If cy = 0, then necessarily y = 0. But this time we can require cy # 0 since 
sin aL = 0 is satisfied whenever aL is an integer multiple of 7: 


ni ; na \* 
aL=nir or a=— or A,=a,= , n=1,2,3,.... 
L L 


Therefore for any real nonzero c, y,, = c,sin(n7x/L) is a solution of the prob- 
lem for each positive integer n. Since the differential equation is homogeneous, 
any constant multiple of a solution is also a solution. Thus we may, if desired, 
simply take c, = 1. In other words, for each number in the sequence 


_ 7 _ 47 _ 97 
y, = an y, = sin Eo sin a 


is a nontrivial solution of the original problem. = 


The numbers A,, = na /L*,n = 1,2,3,...for which the boundary-value problem in Example 2 
n=4 5 possesses nontrivial solutions are known as eigenvalues. The nontrivial solutions that depend 
on these values of A,,, y, = Cy sin(n7rx/L) or simply y, = sin(n7rx/L) are called eigenfunctions. 


FIGURE 3.9.4 Graphs of eigenfunctions The graphs of the eigenfunctions for n =1, 2, 3, 4, 5 are shown in FIGURE 3.9.4. Note that each of 
y, = sin(n7rx/L), for n = 1, 2,3, 4,5 the fives graphs passes through the two points (0, 0) and (0, L). 


| EXAMPLE3 | Example 2 Revisited 


If we choose L = 7 in Example 2, then the eigenvalues of the problem 


y’+Ay=0, yO)=0, ym) =0 
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MN 


(a) (b) 


FIGURE 3.9.5 Elastic column buckling 
under a compressive force 


(a) (b) (c) 


FIGURE 3.9.6 Deflection curves for 
compressive forces P,, P>, P; 


are A, = n,n = 1,2,3,.... It follows then that the boundary-value problem 
y’+10y=0, y0O)=0, ya) =0 


possesses only the trivial solution y = 0 because 10 is not an eigenvalue; that is, 10 is not the 


square of a positive integer. = 


Hi Buckling of a Thin Vertical Column Inthe eighteenth century Leonhard Euler was 
one of the first mathematicians to study an eigenvalue problem in analyzing how a thin elastic 
column buckles under a compressive axial force. 

Consider a long slender vertical column of uniform cross section and length L. Let y(x) denote 
the deflection of the column when a constant vertical compressive force, or load, P is applied to 
its top, as shown in FIGURE 3.9.5. By comparing bending moments at any point along the column 
we obtain 

2 2 
aes = —Py or zi + Py = 0, (7) 
dx 
where EF is Young’s modulus of elasticity and J is the moment of inertia of a cross section about 
a vertical line through its centroid. 


| EXAMPLE4 | The Euler Load 


Find the deflection of a thin vertical homogeneous column of length L subjected to a constant 
axial load P if the column is simply supported or hinged at both ends. 


SOLUTION The boundary-value problem to be solved is 


da? 
El +Py=0, »(0)=0, (ZL) =0. 
X 


First note that y = 0 is a perfectly good solution of this problem. This solution has a simple 
intuitive interpretation: If the load P is not great enough, there is no deflection. The question 
then is this: For what values of P will the column bend? In mathematical terms: For what 
values of P does the given boundary-value problem possess nontrivial solutions? 

By writing A = P/EI we see that 


yt+ay=0, yO)=0, yL)=0 


is identical to the problem in Example 2. From Case III of that discussion we see that the 
deflection curves are y,(x) = c, sin(n7x/L), corresponding to the eigenvalues A, = P,,/EI = 
n/L?,n = 1,2,3,.... Physically this means that the column will buckle or deflect only when 
the compressive force is one of the values P, = n’m’EI/L’, n = 1, 2,3, .... These different 
forces are called critical loads. The deflection curve corresponding to the smallest critical 
load P; = 7 EI/L’, called the Euler load, is y,(x) = c, sin(ax/L) and is known as the first 


buckling mode. = 


The deflection curves in Example 4 corresponding to n = 1, = 2, andn = 3 are shown in 
FIGURE 3.9.6. Note that if the original column has some sort of physical restraint put on it atx = L/2, 
then the smallest critical load will be P, = 47r°E//L’ and the deflection curve will be as shown 
in Figure 3.9.6(b). If restraints are put on the column at x = L/3 and at x = 2L/3, then the column 
will not buckle until the critical load P; = 977*EI/L” is applied and the deflection curve will be 
as shown in Figure 3.9.6(c). See Problem 25 in Exercises 3.9. 


Hi Rotating String The simple linear second-order differential equation 
y’+ Ay =0 (8) 


occurs again and again as a mathematical model. In Section 3.8 we saw (8) in the forms d?x/d? + 
(k/m)x = O and d *qldt + (1/LC)q = 0.as models for, respectively, the simple harmonic motion of a 
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spring/mass system and the simple harmonic response of a series circuit. It is apparent when the 
model for the deflection of a thin column in (7) is written as d’y/dx’ + (P/EDy = 0 that it is the 
same as (8). We encounter the basic equation (8) one more time in this section: as a model that 
defines the deflection curve or the shape y(x) assumed by a rotating string. The physical situation 
is analogous to when two persons hold a jump rope and twirl it in a synchronous manner. See 
FIGURE 3.9.7 parts (a) and (b). 

Suppose a string of length L with constant linear density p (mass per unit length) is stretched along 
the x-axis and fixed at x = 0 and x = L. Suppose the string is then rotated about that axis at a constant 
angular speed w. Consider a portion of the string on the interval [x, x + Ax], where Ax is small. If the 
magnitude 7 of the tension T, acting tangential to the string, is constant along the string, then the desired 
differential equation can be obtained by equating two different formulations of the net force acting on 
the string on the interval [x, x + Ax]. First, we see from Figure 3.9.7(c) that the net vertical force is 


F =T sin 6, — T sin 6). (9) 


When angles 6, and 6, (measured in radians) are small, we have sin 0, ~ tan 0, and sin 6, ~ tan 0. 
Moreover, since tan 8, and tan 6, are, in turn, slopes of the lines containing the vectors T, and 
T,, we can also write 


tan 6, = y'(x + Ax) and tan 6, = y'(x). 


Thus (9) becomes 


FIGURE 3.9.7 Rotating rope and forces F~T[y'@ + Ax) — y'@)]. (10) 
acting on It Second, we can obtain a different form of this same net force using Newton’s second law, F = ma. 
Here the mass of string on the interval is m = pAx; the centripetal acceleration of a body rotating 
with angular speed w in a circle of radius r is a = rw”. With Ax small we take r = y. Thus the 


net vertical force is also approximated by 
~ —(pAx)ya", (11) 


where the minus sign comes from the fact that the acceleration points in the direction opposite 
to the positive y-direction. Now by equating (10) and (11) we have 


difference quotient 


L 
T> il Bae a! + pw’*y = 0. (12) 
Ax 


Tly'(a + Ax) —y'@] = —(pAxyo? — or 


For Ax close to zero the difference quotient in (12) is approximately the second derivative d’y/dx’. 
Finally we arrive at the model 


2 


¥ 2 
toa + pwy = 0. (13) 


Since the string is anchored at its ends x = 0 and x = L, we expect that the solution y(x) of equa- 
tion (13) should also satisfy the boundary conditions y(0) = 0 and y(L) = 0. 


REMARKS 


(i) We will pursue the subject of eigenvalues and eigenfunctions for linear second-order dif- 
ferential equations in greater detail in Section 12.5. 

(ii) Eigenvalues are not always easily found as they were in Example 2; you may have to 
approximate roots of equations such as tan x = —x or cos x cosh x = 1. See Problems 32 and 


38—42 in Exercises 3.9. 

(iii) Boundary conditions can lead to a homogeneous algebraic system of linear equations 
where the unknowns are the coefficients c; in the general solution of the DE. Such a system 
is always consistent, but in order to possess a nontrivial solution (in the case when the number 
of equations equals the number of unknowns) we must have the determinant of the coefficients 
equal to zero. See Problems 21 and 22 in Exercises 3.9. 
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| 3.9 | Exercises Answers to selected odd-numbered problems begin on page ANS-7. 


Deflection of a Beam 


In Problems 1—5, solve equation (4) subject to the appropriate 
boundary conditions. The beam is of length L, and wo is a 
constant. 


1. (a) The beam is embedded at its left end and free at its right 
end, and w(x) = W,0<x <L. 
(b) Usea graphing utility to graph the deflection curve when 
Wo = 24ET and L = 1. 


2. (a) The beam is simply supported at both ends, and w(x) = wo, 
O<x<L. 
(b) Usea graphing utility to graph the deflection curve when 
Wo = 24ET and L = 1. 


3. (a) The beam is embedded at its left end and simply supported 
at its right end, and w(x) = Wy, O<x< L. 
(b) Use a graphing utility to graph the deflection curve when 
Wy = 48ET and L = 1. 


4. (a) The beam is embedded at its left end and simply 
supported at its right end, and w(x) = Wo sin(7x/L), 
O0<x<L. 

Use a graphing utility to graph the deflection curve when 

Wo = 2m°El and L = 1. 

(c) Use a root-finding application of a CAS (or a graphic 
calculator) to approximate the point in the graph in 
part (b) at which the maximum deflection occurs. What 
is the maximum deflection? 


(b 


~— 


5. (a) The beam is simply supported at both ends, and w(x) = 
Wox,0< x <L. 

(b) Usea graphing utility to graph the deflection curve when 
Wo = 36ET and L = 1. 

(c) Use a root-finding application of a CAS (or a graphic 
calculator) to approximate the point in the graph in 
part (b) at which the maximum deflection occurs. What 
is the maximum deflection? 


Find the maximum deflection of the cantilever beam in 
Problem 1. 

(b) How does the maximum deflection of a beam that is half 
as long compare with the value in part (a)? 


6. (a 


~a 


(c) Find the maximum deflection of the simply supported 
beam in Problem 2. 


wa 


(d) How does the maximum deflection of the simply sup- 
ported beam in part (c) compare with the value of 
maximum deflection of the embedded beam in 


Example 1? 


7. A cantilever beam of length L is embedded at its right end, 
and a horizontal tensile force of P pounds is applied to its free 
left end. When the origin is taken at its free end, as shown in 
FIGURE 3.9.8, the deflection y(x) of the beam can be shown to 
satisfy the differential equation 


Ely" = Py — WO) 5: 


Find the deflection of the cantilever beam if w(x) = wox, 
0<x<L,and y(0) = 0, y'(L) = 0. 


y 
=+<$—$$_ J. —__—> 


O ¥ x 


FIGURE 3.9.8 Deflection of cantilever beam in Problem 7 


. When a compressive instead of a tensile force is applied at 


the free end of the beam in Problem 7, the differential equation 
of the deflection is 


x 
Ely" = —Py — w(x); 


Solve this equation if w(x) = wox, 0 < x < L, and y(0) = 0, 
y'(L) = 0. 


Rick Wicklin, PhD 


Co ntri b uted P ro b l ems Senior Researcher in Computational Statistics 


SAS Institute Inc. 


9. BlowingintheWind In September 1989, Hurricane Hugo 


hammered the coast of South Carolina with winds estimated 
at times to be as high as 60.4 m/s (135 mi/h). Of the bil- 
lions of dollars in damage, approximately $420 million of 
this was due to the market value of loblolly pine (Pinus 
taeda) lumber in the Francis Marion National Forest. One 
image from that storm remains hauntingly bizarre: all 
through the forest and surrounding region, thousands upon 
thousands of pine trees lay pointing exactly in the same 
direction, and all the trees were broken 5—8 meters from 
their base. In September 1996, Hurricane Fran destroyed 
over 8.2 million acres of timber forest in eastern North 
Carolina. As happened seven years earlier, the planted lob- 
lolly trees all broke at approximately the same height. This 
seems to be a reproducible phenomenon, brought on by the 
fact that the trees in these planted forests are approximately 
the same age and size. 


Courtesy of Texas Forest Service 


Wind damage to loblolly pines 
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In this problem, we are going to examine a mathematical 
model for the bending of loblolly pines in strong winds, and 
then use the model to predict the height at which a tree will 
break in hurricane-force winds.* 

Wind hitting the branches of a tree transmits a force to the 
trunk of the tree. The trunk is approximately a big cylindrical 
beam of length L, and so we will model the deflection y(x) of the 
tree with the static beam equation Ely = w(x) (equation (4) in 
this section), where xis distance measured in meters from ground 
level. Since the tree is rooted into the ground, the accompanying 
boundary conditions are those of a cantilevered beam: y(0) = 0, 
y'(0O) = 0 at the rooted end, and y"(L) = 0, y”(L) = 0 at the 
free end, which is the top of the tree. 

(a) Loblolly pines in the forest have the majority of their crown 
(that is, branches and needles) in the upper 50% of their 
length, so let’s ignore the force of the wind on the lower por- 
tion of the tree. Furthermore, let’s assume that the wind hitting 
the tree’s crown results in a uniform load per unit length wo. 
In other words, the load on the tree is modeled by 


Ba i. 0<x<L/2 
iad w, L/I2SxsL 


We can determine y(x) by integrating both sides of 
Ely® = w(x). Integrate w(x) on [0, L/2] and then on 
[L/2, L] to find an expression for Ey" (x) on each of these 
intervals. Let c, be the constant of integration on [0, L/2] 
and c, be the constant of integration on [L/2, L]. Apply 
the boundary condition y”"(L) = 0 and solve for c. Then 
find the value of c, that ensures continuity of the third 
derivative y” at the point x = L/2. 


(b) Following the same procedure as in part (a) show that 


~ 


Wo 2 2 
gx + 3L°x), O<x<LR 


Ely'(x) = 


10. 


Wo 3 2 2 3 
4g 8 — 24ix° + 240*%x —L) LISxZl. 


Integrate Ely’ to obtain the deflection y(x). 

(c) Note that in our model y(L) describes the maximum 
amount by which the loblolly will bend. Compute this 
quantity in terms of the problem’s parameters. 


Blowing in the Wind—Continued By making some 
assumptions about the density of crown’s foliage, the total force 
F on the tree can be calculated using a formula from physics: 
F = pAv’/6 where p © 1.225 kg/m’ is the density of air, v is the 
wind speed in m/s, and A is the cross-sectional area of the tree’s 
crown. If we assume that the crown in roughly cylindrical, then 
its cross section is a rectangle of area A = (2R)(L/2) = RL, 
where R is the average radius of the cylinder. Then the total 
force per unit length is then wy = F/(L/2) = 0.408Rv?. 

The cross-sectional moment of inertia for a uniform cy- 
lindrical beam is J = j7r*, where r is the radius of the cylin- 
der (tree trunk). 


*For further information about the bending of trees in high winds, see 


the articles by W. Kubinec (Phys. Teacher, March, 1990), or F. Mergen 
(J. Forest.) 52(2), 1954. 
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By your answer to part (c) in Problem 9 and the explana- 
tions above, the amount that a loblolly will bend depends on 
each of the parameters in the following table. 


Symbol Description Typical values 
r radius of trunk 0.15-0.25 m 
R radius of crown 3-4 m 
L height of pine 15-20 m 
E modulus of elasticity 11-14 N/m? 
v Hugo wind speeds 40-60 m/s (90-135 mi/h) 
(a) Mathematically show how each parameter affects the bend- 


ing, and explain in physical terms why this makes sense. 

(For example, a large value of F results in less bending since 

E appears in the denominator of y(L). This means that hard 

wood like oak bends less than a soft wood such as palm.) 

Graph y(x) for 40 m/s winds for an “average” tree by 

choosing average values of each parameter (for example, 

r = 0.2, R = 3.5, and so on). Graph y(x) for 60 m/s winds 

for a “tall” (but otherwise average) pine. 

Recall that in the derivation of the beam equation on page 

166 it was assumed that the deflection of the beam was 

small. What is the /argest possible value of y(L) that is 

predicted by the model if all parameters are chosen from 
the given table? Is this prediction realistic, or is the math- 
ematical model no longer valid for parameters in this range? 

The beam equation always predicts that a beam will bend, 

even if the load and flexural rigidity reflect an elephant 

standing on a toothpick! Different methods are used by 
engineers to predict when and where a beam will break. 

In particular, a beam subject to a load will break at the 

location where the stress function y"(x)/I(x) reaches a max- 

imum. Differentiate the function in part (b) of Problem 9 to 
obtain Ely”, and use this to obtain the stress y"(x)/I(x). 

(e) Real pine tree trunks are not uniformly wide; they taper as they 
approach the top of the tree. Substitute r(x) = 0.2 — x/(15L) 
into the equation for /and then use a graphing utility to graph 
the resulting stress as a function of height for an average 
loblolly. Where does the maximum stress occur? Does this 
location depend on the speed of the wind? On the radius of 
the crown? On the height of the pine tree? Compare the 
model to observed data from Hurricane Hugo. 

(f) A mathematical model is sensitive to an assumption if small 
changes in the assumption lead to widely different predic- 
tions for the model. Repeat part (e) using r(x) = 0.2 — x/(20L) 
and r(x) = 0.2 — x/(10L) as formulas that describe the 
radius of a pine tree trunk that tapers. Is our model sensitive 
to our choice for these formulas? 


(b 


a 


(c 


wa 


(d) 


Eigenvalues and Eigenfunctions 


In 


Problems 11-20, find the eigenvalues and eigenfunctions for 


the given boundary-value problem. 


_ y" + Ay =0, y(0) = 0, yar) = 0 

. y+ Ay =0, y'(0) = 0, y(7/4) = 0 
. y" + Ay =0, y'(0) = 0, y(L) = 0 

. y+ Ay = 0, y(0) = 0, y'(7/2) = 0 
. y" + Ay =0, yO) = 0, yr) = 0 


16. y" + Ay =0, y(—7) = 0, yr) = 0 

17. y" + 2y’ +(A+ ly =0, yO) = 0, y(5) = 0 

18. y+ (A+ Dy =0, y'(0) =0, y'1) =0 

19. xy" + xy’ + Ay =0, y(1) = 0, ye") =0 

20. x’y" + xy’ + Ay=0, y'(e') = 0, yd) = 0 

In Problems 21 and 22, find the eigenvalues and eigenfunctions 

for the given boundary-value problem. Consider only the case 

A = a’, a > 0. [Hint: Read (iii) in the Remarks. ] 

a1. y? — Ay = 0, yO) = 0, y"(0) = 0, y(1) = 0, 
y"(1) = 0 

2. YO -—rAy=0, y'(0) =0, y"(0) = 0, ym) = 0, 
y"(m) = 0 


Buckling of a Thin Column 


23. Consider Figure 3.9.6. Where should physical restraints be 
placed on the column if we want the critical load to be P,? 
Sketch the deflection curve corresponding to this load. 


24. The critical loads of thin columns depend on the end conditions 
of the column. The value of the Euler load P, in Example 4 was 
derived under the assumption that the column was hinged at 
both ends. Suppose that a thin vertical homogeneous column 
is embedded at its base (x = 0) and free at its top (x = L) and 
that a constant axial load P is applied to its free end. This load 
either causes a small deflection 6 as shown in FIGURE 3.9.9 or 
does not cause such a deflection. In either case the differential 
equation for the deflection y(x) is 

2 


ere + p = P6 
dx? : , 


(a) What is the predicted deflection when 6 = 0? 
(b) When 6 # 0, show that the Euler load for this column is 
one-fourth of the Euler load for the hinged column in 


Example 4. 
x P 
x=LE> 


FIGURE 3.9.9 Deflection of vertical column in Problem 24 


25. As was mentioned in Problem 24, the differential equation (7) 
that governs the deflection y(x) of a thin elastic column subject 
to a constant compressive axial force P is valid only when the 
ends of the column are hinged. In general, the differential 
equation governing the deflection of the column is given by 


a da a 
(a) ipod ag, 
X 


Assume that the column is uniform (£7 is a constant) and that 
the ends of the column are hinged. Show that the solution of 


this fourth-order differential equation subject to the boundary 

conditions y(0) = 0, y’(0) = 0, y(L) = 0, y"(L) = 0 is equiva- 

lent to the analysis in Example 4. 

26. Suppose that a uniform thin elastic column is hinged at the 

end x = 0 and embedded at the end x = L. 

(a) Use the fourth-order differential equation given in 
Problem 25 to find the eigenvalues A,,, the critical loads 
P,,, the Euler load P,, and the deflections y,(x). 

(b) Use a graphing utility to graph the first buckling mode. 


Rotating String 


27. Consider the boundary-value problem introduced in the construc- 

tion of the mathematical model for the shape of a rotating string: 

d’y 7 

T—Z + pory = 0, yO) =0, yL) = 0. 

dx 
For constant T and p, define the critical speeds of angular 
rotation w,, as the values of w for which the boundary-value 
problem has nontrivial solutions. Find the critical speeds w, 
and the corresponding deflections y,(x). 


28. When the magnitude of tension Tis not constant, then a model 
for the deflection curve or shape y(x) assumed by a rotating 
string is given by 


ma | + poy = 0 
dx 2 dx ale . 


Suppose that 1 < x < e and that T(x) = x’. 
(a) If y(1) = 0, y(e) = 0, and pw? > 0.25, show that the 
critical speeds of angular rotation are 


o, = 5V (4n'n? + 1)/p 


and the corresponding deflections are 


-1/2 


yx) = Cox “sin(nmlnx), n = 1,2,3,.... 


(b) Use a graphing utility to graph the deflection curves on 
the interval [1, e] forn = 1, 2, 3. Choose c, = 1. 


Additional Boundary-Value Problems 


29. Temperature ina Sphere Consider two concentric spheres 
of radius r = aand r = b, a < b. See FIGURE 3.9.10. The tem- 
perature u(r) in the region between the spheres is determined 
from the boundary-value problem 

d*u du 


ares + am = 0, ula) =u, ub) = uy, 


where uy and uw, are constants. Solve for u(r). 


FIGURE 3.9.10 Concentric spheres in Problem 29 
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30. Temperature ina Ring The temperature u(r) in the circular 


31. 


32. 


ring or annulus shown in FIGURE 3.9.11 is determined from the 
boundary-value problem 


r—, + — =0, u(a) = up, ub) = uy, 
Tr 


where uy and u, are constants. Show that 


UgIn(r/b) — uyln(7/a) 
In (a/b) 


u(r) = 


u=Uy 


FIGURE 3.9.11 Circular ring in Problem 30 


Rotation ofa Shaft Suppose the x-axis on the interval [ 0, L] 
is the geometric center of a long straight shaft, such as the 
propeller shaft of a ship. When the shaft is rotating at a constant 
angular speed w about this axis the deflection y(x) of the shaft 
satisfies the differential equation 

d*y 

EI—, — pw’y = 0, 

de pary 
where p is density per unit length. If the shaft is simply sup- 
ported, or hinged, at both ends the boundary conditions are then 


y(0) = 0, y"(0) = 0, y(L) = 0, y"(L) = 0. 


(a) IfA=a' = pw’/EI, then find the eigenvalues and 
eigenfunctions for this boundary-value problem. 

(b) Use the eigenvalues X,, in part (a) to find corresponding 
angular speeds w,,. The values w,, are called critical speeds. 
The value q, is called the fundamental critical speed and, 
analogous to Example 4, at this speed the shaft changes 
shape from y = 0 to a deflection given by y,(x). 


Courtesy of the National Archives and Records Administration 


Propeller shaft of the battleship USS Missouri 


In Problem 31, suppose L = 1. If the shaft is fixed at both 
ends then the boundary conditions are 


y(0) = 0, y'(O) = 0, x1) = 0, y’1) = 0. 
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(a) Show that the eigenvalues A, = a4 are defined by the 
positive roots of cos a cosh a = 1. [Hint: See the instruc- 
tions to Problems 21 and 22.] 

(b) Show that the eigenfunctions are 


y,(x) = (—sin a, + sinh a,,)(cos a,x — cosh a,x) 
+ (cosa, — cosha,)(sin a,x — sinh a,x). 


Discussion Problems 


33. Simple Harmonic Motion The model mx” + kx = 0 for 
simple harmonic motion, discussed in Section 3.8, can be 
related to Example 2 of this section. 

Consider a free undamped spring/mass system for which 
the spring constant is, say, k = 10 lb/ft. Determine those masses 
m,, that can be attached to the spring so that when each mass is 
released at the equilibrium position at f = 0 with a nonzero 
velocity Vo, it will then pass through the equilibrium position at 
t = 1 second. How many times will each mass m, pass through 
the equilibrium position in the time interval 0 < t< 1? 


34. Damped Motion Assume that the model for the spring/mass 
system in Problem 33 is replaced by mx” + 2x' + kx = 0. 
In other words, the system is free but is subjected to damping 
numerically equal to two times the instantaneous velocity. 
With the same initial conditions and spring constant as in 
Problem 33, investigate whether a mass m can be found that 
will pass through the equilibrium position at t = | second. 


In Problems 35 and 36, determine whether it is possible to find 
values yy and y, (Problem 35) and values of L > 0 (Problem 36) 
so that the given boundary-value problem has (a) precisely one 
nontrivial solution, (b) more than one solution, (c) no solution, 
and (d) the trivial solution. 
35. y" + l6y = 0, yO) = yo, y(m/2) = yy 
36. y’ + l6y=0, y(0) = 1, y(L) = 1 
37. Consider the boundary-value problem 

yf pay = 0, 7) = yr), ya) = yr). 

(a) The type of boundary conditions specified are called 
periodic boundary conditions. Give a geometric inter- 
pretation of these conditions. 

(b) Find the eigenvalues and eigenfunctions of the problem. 

(c) Usea graphing utility to graph some of the eigenfunctions. 
Verify your geometric interpretation of the boundary con- 
ditions given in part (a). 

38. Show that the eigenvalues and eigenfunctions of the boundary- 
value problem 


y' +dAy=0, y0)=0, y1)+y'(1)=0 
are A, = a and y, = sin a,x, respectively, where a,, n = 1, 2, 


3,... are the consecutive positive roots of the equation tana = —a. 


Computer Lab Assignments 


39. Use a CAS to plot graphs to convince yourself that the equa- 
tion tan a = —a in Problem 38 has an infinite number of roots. 
Explain why the negative roots of the equation can be ignored. 
Explain why A = 0 is not an eigenvalue even though a = 0 is 
an obvious solution of the equation tana = —a. 


40. Use aroot-finding application of a CAS to approximate the first Give the corresponding approximate eigenfunctions 
four eigenvalues A,, Az, A3, and A, for the BVP in Problem 38. y(X), yo(x), y3(x), and y4(x). 


41. Use a CAS to approximate the eigenvalues A,, Az, A3, and Ay 42. Use a CAS to approximate the eigenvalues A,, A, A3, and Ay 


of the boundary-value problem: 


defined by the equation in part (a) of Problem 32. 


y" + Ay = 0, (0) = 0, y(1) — ay’) = 0. 


Here at least one of the numbers 
Yo Or y, is assumed to be nonzero. 
If both yp and y, are 0, then the 
solution of the IVP is y = 0. 


3.10 | Green's Functions 


INTRODUCTION  Wehave seen in Section 3.8 that the linear second-order differential equation 
2 


d’y 
a(x) a + atx) T+ ao@ly = a(x) (1) 
X 


dy 
dx 
plays an important role in applications. In the mathematical analysis of physical systems it is 
often desirable to express the response or output y(x) of (1) subject to either initial conditions or 
boundary conditions directly in terms of the forcing function or input g(x). In this manner the 
response of the system can quickly be analyzed for different forcing functions. 

To see how this is done we start by examining solutions of initial-value problems in which 
the DE (1) has been put into the standard form 


y" + Pay’ + O@y = fa) (2) 


by dividing the equation by the lead coefficient a,(x). We also assume throughout this section 
that the coefficient functions P(x), Q(x), and f(x) are continuous on some common interval /. 


3.10.1 Initial-Value Problems 


il Three Initial-Value Problems We will see as the discussion unfolds that the solution 
of the second-order initial-value problem 


y" + Py’ + O@y = f@), yO) = ye y'@o) = (3) 


can be expressed as the superposition of two solutions: the solution y, of the associated homo- 
geneous DE with nonhomogeneous initial conditions 


y" + P@y' + Q@y = 0, YX) = Yo. y' Go) = Yb (4) 
and the solution y, of the nonhomogeneous DE with homogeneous (that is, zero) initial conditions 
y” + P@)y’ + OQd)y =f, yo) = 9, y'@) = 0. (5) 


As we have seen in the preceding sections of this chapter, in the case where P and Q are 
constants the solution of the IVP (4) presents no difficulties: We use the methods of Section 3.3 
to find the general solution of the homogeneous DE and then use the given initial conditions to 
determine the two constants in that solution. So we will focus on the solution of the IVP (5). 
Because of the zero initial conditions, the solution of (5) could describe a physical system that 
is initially at rest and so is sometimes called a rest solution. 


Hi Green’s Function If y,(x) and y,(x) form a fundamental set of solutions on the interval 
T of the associated homogeneous form of (2), then a particular solution of the nonhomogeneous 
equation (2) on the interval Jcan be found by variation of parameters. Recall from (3) of Section 3.5, 
the form of this solution is 


YX) = Uj)y, OX) + Ugr)yo(). (6) 
The variable coefficients u,(x) and u,(x) in (6) are defined by (5) of Section 3.5: 


AO) yy _ HO 
2 = . 


Ww? W ” 


uy (x) = 
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Because y,(x) and y,(x) are constant with P 
respect to the integration on f, we can 
move these functions inside the definite 


integrals. 


Important. Read this paragraph b> 
a second time. 
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The linear independence of y,(x) and y>(x) on the interval J guarantees that the Wronskian 
W = W(y,(), yo(x)) # 0 for all x in J. If x and x) are numbers in /, then integrating the derivatives 
in (7) on the interval [xp, x] and substituting the results in (6) give 


*—y,()f(O) ‘yi Of(O 


wo) mn 


dt + y,(x) | 


Xo 


Y(X) -_ 09 


(8) 


f(t) dt + | NOV) op dt, 


= | Agee 
; 1, WO 


WO) 
yi) y2(0) 


where WO) = Wy), y(t) = yi) yo(0) 


From the properties of the definite integral, the two integrals in the second line of (8) can be 
rewritten as a single integral 


y,(0) = | Gla, 0 f(0 dt. (9) 

The function G(x, f) in (9), 

_ wy) — yi@)y2(t) 
W(t) 


G(x, t) ; (10) 
is called the Green’s function for the differential equation (2). 

Observe that a Green’s function (10) depends only on the fundamental solutions, y,(x) and 
y,(x) of the associated homogeneous differential equation for (2) and not on the forcing func- 
tion f(x). Therefore all linear second-order differential equations (2) with the same left-hand side 
but different forcing functions have the same Green’s function. So an alternative title for (10) is 
the Green’s function for the second-order differential operator L = D? + P(x)D + Q(x). 


| EXAMPLE1 | Particular Solution 


Use (9) and (10) to find a particular solution of y” — y = f(x). 


SOLUTION The solutions of the associated homogeneous equation y’ — y = O are y, = e*, 
y, =e *, and Wy,(0), y(t) = —2. It follows from (10) that the Green’s function is 


tx, 4k ct KP —(x— 2) 
Ga) =< = =* > = Shite =f) (11) 


Thus from (9), a particular solution of the DE is 


x 


yp(x) = | ee, f(t) dt. fixe 


Xo 


| EXAMPLE2 | General Solutions 


Find the general solution of the following nonhomogeneous differential equations. 
(a) y’.-y=Ix (db) y"-y=e* 


SOLUTION From Example 1, both DEs possess the same complementary function 

y. = cye * + coe". Moreover, as pointed out in the paragraph preceding Example 1, the 

Green’s function for both differential equations is (11). 

(a) With the identifications f(x) = 1/x and f(t) = 1/t we see from (12) that a particular so- 
: ; “sinh(x — 2) : 

lution of y” — y = I/x is y,(x) = | a es Thus the general solution y = y, + y, 


of the given DE on any interval [ xo, x] not containing the origin is 


ok h = t 
—- “ dat 


y =ce* + ce% + | (13) 


Xo 
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You should compare this solution with that found in Example 3 of Section 3.5. 


(b) With f(x) = e* in (12), a particular solution of y" — y = e* is 
y,(x) = fy,sinh(x — te*dt. The general solution y = y, + y, is then 


y=ce*+coe* t+ | sinh(x — t) edt. (14) = 


Now consider the special initial-value problem (5) with homogeneous initial conditions. One 
way of solving the problem when f(x) # 0 has already been illustrated in Sections 3.4 and 3.5; 
that is, apply the initial conditions y(%)) = 0, y’(%) = 0 to the general solution of the nonho- 
mogeneous DE. But there is no actual need to do this because we already have solution of the 
IVP at hand; it is the function defined in (9). 


Theorem 3.10.1 Solution of the IVP (5) 


The function y,(x) defined in (9) in the solution of the initial-value problem (5). 


PROOF: By construction we know that y,(x) in (9) satisfies the nonhomogeneous DE. Next, 
because a definite integral has the property f” = 0 we have 


Xo 


Yp(Xo) = | G(X, t)f(t)dt = 0. 


Xo 


Finally, to show that y/,(%) = 0 we utilize the Leibniz formula* for the derivative of an integral: 


0 from (10) 
aa = "(x) — y! 
yx) = Gx, x) fo) + | yi Oy OR fod 
; "yi (Oy5Q%o) — yiGo)ya(t) 7 
Hence, yi(Xo) = "2 Ta 1Xo)¥2 fat = 0. = 


| EXAMPLE3 | Example 2 Revisited 


Solve the initial-value problems 
@ Y-y=Ix WD=0 YO=0 by =y=e*, xO) =0, yO =—0. 


SOLUTION (a) With x) = 1 and f(# = I/t, it follows from (13) of Example 2 and 
Theorem 3.10.1 that the solution of the initial-value problem is 


“ sinh(x — 2) 
Yp(xX) = oe dt, 
1 


where [1, x], x > 0. 


(b) Identifying x) = 0 and f(t) = e”, we see from (14) that the solution of the IVP is 
Ax) = | sinh(x — t)e7"dt. (15) = 
0 
In Part (b) of Example 3, we can carry out the integration in (15), but bear in mind that x is 
held constant throughout the integration with respect to f: 


* Xoxot _ ee) 
yx) = | sinh(x — Ne” dt = | 5 edt 
0 0 


1 x 1 x 
= x | e'dt — se" edt 
2 Jo 2 Jo 


*See Problems 31 and 32 on page 31. 
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Here we have used the trigo- 
nometric identity sin(2x — 2f) = 
sin 2x cos 2t — cos 2x sin 2t. 


180 | 


> 


| EXAMPLE4 | Another IVP 


Solve the initial-value problem 


y(0) = 0, yO) = 0. 


SOLUTION We begin by constructing the Green’s function for the given differential equation. 


y" + 4y =x, 


The two linearly independent solutions of y” + 4y = 0 are y,(x) = cos 2x and 
y(x) = sin 2x. From (10), with W(cos 2, sin 2f) = 2, we find 


cos 2f sin 2x — cos 2x sin 2t I. 
G(x, 1) = 5 =9 sin 2(x — f). 


With the identification x, = 0, a solution of the given initial-value problem is 


x 


1 
Y(x) = Al tsin 2(x — f)dt. 


0 


If we wish to evaluate the integral, we first write 


1 x 1 x 
y,(x) = > sin 2| t cos 2t dt — —cos 2| t sin 2t dt 
2 0 2 0 


and then use integration by parts: 

ae 1 1, 

— —cos2x| —~tcos2t + — sin2t 
2 2 4 


1 1 1 
yx) = 3 sind sin2t + 4038 2| F 


0 


1 1 
or yx) = rai _ 3 sin 2x. 


il Initial-Value Problems—Continued We can now make use of Theorem 3.10.1 to 
find the solution of the initial-value problem posed in (3). 


Theorem 3.10.2 Solution of the IVP (3) 


If y, is the solution of the initial-value problem (4) and y, is the solution (9) of the initial-value 
problem (5) on the interval J, then 


= Ma ae (16) 


is the solution of the initial-value problem (3). 


PROOF: Because y, is a linear combination of the fundamental solutions, it follows from (10) 
of Section 3.1 that y = y, + y, is a solution of the nonhomogeneous DE. Moreover, since y, 
satisfies the initial conditions in (4) and y, satisfies the initial conditions in (5), we have 


YX) = Yal%o) + Yp(Xo) =yo +t 0= yo 
y' %) = Vi) + ¥,%0) =y + O= yy. = 


Keeping in mind the absence of a forcing function in (4) and the presence of such a term in 
(5), we see from (16) that the response y(x) of a physical system described by the initial-value 
problem (3) can be separated into two different responses: 


yx) + ( 1 7) 


ae 
response of system 

due to initial conditions 

YQ) =Yo YX) =N 


V(X) 
od 


response of system 
due to the forcing 
function f 


y(x) = 


CHAPTER 3 Higher-Order Differential Equations 


In different symbols, the following initial-value problem represents the pure resonance situ- 
ation for a vibrating spring/mass system. See page 161. 


| EXAMPLE5 — | Using Theorem 3.10.2 


Solve the initial-value problem 


y” + 4y = sin2x, y(0)=1, y’(O) = —2. 


SOLUTION We solve two initial-value problems. 


First, we solve y” + 4y = 0, y(0) = 1, y’(O) = —2. By applying the initial conditions to 
the general solution y(x) = c,cos 2x + cy sin 2x of the homogeneous DE, we find that c; = 1 
and c, = —1. Therefore, y,(x) = cos 2x — sin 2x. 

Next we solve y” + 4y = sin 2x, y(0) = 0, y’(0) = O. Since the left-hand side of the dif- 
ferential equation is the same as the DE in Example 4, the Green’s function is the same; namely, 
G(x, t) = 5 sin 2(x — 1). With f(4) = sin 2t we see from (9) that the solution of this second 
problem is y,(x) = 3fosin 2(x — #) sin 2r dr. 

Finally, in view of (16) in Theorem 3.10.2, the solution of the original IVP is 


1 ‘a 
yx) = y,(x) + y,(x) = cos 2x — sin 2x + >| sin 2(x — f) sin 2tdt. (18) = 
0 


If desired, we can integrate the definite integral in (18) by using the trigonometric identity 
: 1 
sin A sin B = 3 LeostA — B) — cos(A + B)] 


with A = 2(x — f) and B = 2t: 


1 x 
yx) = Al sin 2(x — f) sin 2tdt 
0 


1 Pf 
= z| [cos(2x — 4f) — cos 2x] dt 
0 
(19) 
1} 1, ia 
= +] -isin (2x — 4ft) — tcos 2x 
4, 4 0 


1 
= —sin 2x — —x cos 2x. 
8 4 


Hence, the solution (18) can be rewritten as 


1 1 
y(x) = ya) + y,0c) = cos 2x — sin 2x + (; sin 2x — ac cos 2), 


7 1 
or y(x) = cos 2x — goin 2x — 42008 2x. (20) 


Note that the physical significance indicated in (17) is lost in (20) after combining like terms in 
the two parts of the solution y(x) = y,(x) + y,(x). 

The beauty of the solution given in (18) is that we can immediately write down the response 
of a system if the initial conditions remain the same but the forcing function is changed. For 
example, if the problem in Example 5 is changed to 


y"+4y=x, y(0)=1, y'(O) = -2, 
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we simply replace sin 2¢ in the integral in (18) by ¢ and the solution is then 


yx) = yi lx) + y,(X) 


x 


1 
= cos 2x — sin 2x + ;| tsin 2(x — t)dt < see Example 4 
0 


1 9. 
—x + cos 2x — —sin 2x. 
4 8 


Because the forcing function fis isolated in the particular solution y,(x) = SG, t)f{( dt, 
the solution in (16) is useful when fis piecewise defined. The next example illustrates this idea. 


| EXAMPLE6 | An Initial-Value Problem 


Solve the initial-value problem 


y" + 4y = f@), yO) = 1,9'O) = —2, 


when the forcing function fis piecewise defined: 


0, x<0O 
f@) = §sin2x, OSx S27 
0, x > 27. 


SOLUTION From (18), with sin 2t replaced by f(4), we can write 


x 


it 
y(x) = cos 2x — sin 2x + al sin 2(x — ft) f(t)dt. 
0 


Because fis defined in three pieces, we consider three cases in the evaluation of the definite 
integral. For x < 0, 


x 


in 
y(x) = >| sin 2(x — 1)0dt = 0, 
2Jo 
forO =x = 27, 


1 x 
yx) = Al sin 2(x — f) sin 2tdt < using the integration in (19) 
0 


1, 1 
—sin 2x — —xcos 2x, 
8 4 


and finally for x > 277, we can use the integration following Example 5: 


x 


Uta 1 
yx) = | sin 2(x — ft) sin 2tdt + Al sin 2(x — 1) Odt 


2 Jo 20 


Qa 
>| sin 2(x — f) sin 2tdt 
2Jo 


1 1 Qa 
= jf —Jsinax — 4t) — tcos 2 < using the integration in (19) 
0 


1 1 1 
= ———sin(2x — 87) — =acos 2x + —sin 2x 
16 2 16 


1 
= ——7 08 2x. 
2 
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FIGURE 3.10.1 
in Example 6 


Graph of y(x) 


Hence y,(x) is 


0, x<0 
yAx) = 4gsin 2x — gxcos2x, OSx<= 27 
—}acos 2x, x > 27 


and so 
y(x) = ya) + y,(x) = cos 2x — sin 2x + y,(x). 


Putting all the pieces together we get 


cos 2x — sin 2x, x <0 
y(x) = 4(1 — tx)cos 2x — fsin2x, O<x<20 
(1 — 5ar)cos 2x — sin2x, x > 27. 


The graph y(x) is given in FIGURE 3.10.1. = 


We next examine how a boundary-value problem (BVP) can be solved using a different kind 
of Green’s function. 


3.10.2 Boundary-Value Problems 


In contrast to a second-order IVP in which y(x) and y’(x) are specified at the same point, a BVP 
for a second-order DE involves conditions on y(x) and y’(x) that are specified at two different 
points x = a and x = b. Conditions such as 


y(a) = 0, y(b) = 0; y(a) = 0, y'(b) = 0; y'(@ = 0, y'(b) = 0 


are just special cases of the more general homogeneous boundary conditions 


A\y(a) + Byy'(a) = 0 (21) 
and A,y(b) + Boy'(b) = 0, (22) 


where A,, A>, By, and B, are constants. Specifically, our goal is to find an integral solution y,(x) 
that is analogous to (9) for nonhomogeneous boundary-value problems of the form 


y” + Pay’ + Oy = f@), 
A,y(a) + Byy'(a) = 0 (23) 
Asy(b) + Byy'(b) = 0. 


In addition to the usual assumptions that P(x), Q(x), and f(x) are continuous on [a, b], we assume 
that the homogeneous problem 


y" + Py’ + O@y = 0, 
A\y(a) + Byy'(a) = 0 
A,y(b) + By'(b) = 0, 


possesses only the trivial solution y = 0. This latter assumption is sufficient to guarantee that a 
unique solution of (23) exists and is given by an integral y,(x) = S?Gx, t) f(t) dt, where G(x, f) 
is a Green’s function. 


The starting point in the construction of G(x, f) is again the variation of parameters formulas 
(6) and (7). 
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The last line in (29) results from 


the 


See the discussion in Section 3.5 


fact that 
yy (x)uj(x) + yo(x)us(x) = 0. 


following (4). 
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[| Another Green’s Function Suppose y,(x) and y,(x) are linearly independent solutions 
on [a, b] of the associated homogeneous form of the DE in (23) and that x is a number in the 
interval [a, b]. Unlike the construction of (8) where we started by integrating the derivatives in 
(7) over the same interval, we now integrate the first equation in (7) on [b, x] and the second 
equation in (7) on [a, x]: 


ae “yD fO — PrOfO 
u(x) = ic dt and u(x) = lee dt. (24) 


The reason for integrating uj (x) and uw} (x) over different intervals will become clear shortly. 
From (24), a particular solution y,(x) = uy(x)yyQx) + us(x)y2(x) of the DE is 


here we used the minus 
sign in (24) to reverse 
the limits of integration 


*yo(t)f(2) *y Of) 
ypla) = yi) | ay atte) | ie 


“y2Q)yi() "yey 
or Yo(X) = | wy Toa ate | way 14 (25) 
The right-hand side of (25) can be written compactly as a single integral 
b 
y(x) = | G(x, Nf) dt, (26) 
where the function G(x, f) is 
aie wai pice 
G(x, 1) = - (27) 
yiQy(t) 
See t= B. 
W(t) 


The piecewise-defined function (27) is called a Green’s function for the boundary-value prob- 
lem (23). It can be proved that G(x, 7) is a continuous function of x on the interval [a, b]. 

Now if the solutions y,(x) and y,(x) used in the construction of (27) are chosen in such a 
manner that at x = a, y,(x) satisfies A,y,(a) + Byy\(a) = 0, and at x = b, y,(x) satisfies 
Axy(b) + Byy5(b) = 0, then, wondrously, y,(x) defined in (26) satisfies both homogeneous 
boundary conditions in (23). 

To see this we will need 


Yo(X) = uj(x)y(X) + up(x)y2(x) (28) 


and Vp) = U@yi@) + yiO)ui) + ux)yxx) + yox)usQ) 


= in (Oyi() + wCdyi@. (23) 


Before proceeding, observe in (24) that u,(b) = 0 and u,(a) = 0. In view of the second of these 
two properties we can show that y,(x) satisfies (21) whenever y,(x) satisfies the same boundary 
condition. From (28) and (29) we have 


0 0 
HK HK 
Ajy,(a) + Byy,(@) = A,[u,(a)y(a) + u(a)y,(a)] + ByLu(ayi(a) + up(a)y5(a)] 
= u,(a)[A\y\(a) + Byyi(a)] = 0. 
ney 


0 from (21) 
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Likewise, u,(b) = 0 implies that whenever y (x) satisfies (22) so does y,(x): 
0 0 
KH a 
Azy,(b) + Boy,(b) = Alui(b)y(b) + up(d)y(b)] + Balui(d)yi() + un(byy5(b)] 
= ux(b)[Azy.(b) + B,y5(b) | = 0. 
Ld 
0 from (22) 
The next theorem summarizes these results. 


Theorem 3.10.3 Solution of the BVP (23) 


Let y,(x) and y,(x) be linearly independent solutions of 


y Pay + O@y—0 


on [a, b], and suppose y,(x) and y,(x) satisfy boundary conditions (21) and (22), respectively. 
Then the function y,(x) defined in (26) is a solution of the boundary-value problem (23). 


| EXAMPLE7 | Using Theorem 3.10.3 


Solve the boundary-value problem 


The boundary condition y'(0) = Oisa y’ + 4y = 3 '0) = 0 q/2) = 0. 

special case of (21) with a = 0, A, = 0, > . y - am > ¥ ) 

and B, = 1. The boundary condition . . . 

y(77/2) = 0 is a special case of (22) with SOLUTION The solutions of the associated homogeneous equation y” + 4y = 0 are 
b = m2, Ay = 1, and By = 0. y,(x) = cos 2x and y,(x) = sin 2x and y,(x) satisfies y’(0) = 0, whereas y>(x) satisfies 


y(a7/2) = 0. The Wronskian is W(y,, y2) = 2, and so from (27) we see that the Green’s func- 
tion for the boundary-value problem is 


5 cos 2t sin 2x, O=s=tsx 


$cos 2xsin2t, x <=t< 7/2. 


G(x, t) = { 


It follows from Theorem 3.10.3 that a solution of the BVP is (26) with the identifications 
a=0,b = w/2, and f(t) = 3: 


a/2 


yx) = 3 | G(x, t)dt 
0 


1 Ke 1 a/2 
=3- non 2| cos 2tdt + 3- woe 2| sin 2t dt, 
0 Xx 


or after evaluating the definite integrals, y,(x) = 2 + cos 2x. 


Don’t infer from the preceding example that the demand that y,(x) satisfy (21) and y,(x) satisfy 
(22) uniquely determines these functions. As we see in the last example, there is a certain arbi- 
trariness in the selection of these functions. 


| EXAMPLES | 8 A Boundary-Value Problem 


Solve the boundary-value problem 


xy" — 3xy’ + 3y = 24x°, y(1) = 0, y(2) = 0. 


SOLUTION The differential equation is recognized as a Cauchy—Euler DE. 
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From the auxiliary equation m(@m — 1) — 3m + 3 = (m — 1)(m — 3) = O the general so- 
lution of the associated homogeneous equation is y = cx + c,x*. Applying y(1) = 0 to 


this solution implies c; + c, = 0 or c; = —c,. By choosing cy = —1 we get c, = | and 
y, = x — x. Onthe other hand, y(2) = 0 applied to the general solution shows 2c, + 8c, = 0 
orc, = —4c,. The choice c) = —1 nowgivesc, = 4 andso y,(x) = 4x — x?. The Wronskian 


of these two functions is 


x-x 4x-x3 3 
Wo), y2(x)) = (<= 3x2 Ai 3x2 = 6x". 
Hence, the Green’s function for the boundary-value problem is 
(=f) x 
oo OS =) 1 <=t=x 
G(x, t) = 
ee) (x — 3\(4t - 13) 
——- > a 
6t° 


In order to identify the correct forcing function f we must write the DE in standard form: 
” 3 ’ 3 = 3 
tae ee? a 
From this equation we see that f(f) = 24r? and so (26) becomes 
2 
y,(x) = 24 | G(x, t)trdt 
1 


x 2 
= 4(4x — x3) | (t — dt + 4(x — x3) | (4¢ — 13)dt. 
1 F 


x 


Straightforward definite integration and algebraic simplification yields the solution 
7,0) > 12a 15x? + 3x°. = 


| 3.10 | Exercises Answers to selected odd-numbered problems begin on page ANS-7. 


3.10.1 Initial-Value Problems 1. y" + 9y =x + sinx 
12, y" — 2y’ + 2y = cos’x 


In Problems 1-6, proceed as in Example | to find a particular 


solution y,(x) of the given differential equation in the integral In Problems 13-18, proceed as in Example 3 to find the solution 


form (9). of the given initial-value problem. Evaluate the integral that 
1. y" — loy = f(x) defines y,(x). 
2. y" + 3y' — 10y = f@) 13. y” — 4y =e”, y(0) =0,y'(0) =0 
3. y" + 2y' + y = f@) 14. y"—y' =1, yO) =0,y'0) =0 
4. dy" — 4y’ + y = f@) 15. y” — 10y’ + 25y = e*, y(0) = 0,y’(0) =0 
5. y” + Dy = fix) 16. y” + 6y’ + 9y=x, y(0) =0,y’(0) =0 
6. y” — dy’ + 2y = f@) 17. y” + y =cscxcotx, y(m/2) = 0, y'(a/2) = 0 


” = 2. — ! = 
In Problems 7—12, proceed as in Example 2 to find the general ee ny = OY ae) 


solution of the given differential equation. Use the results 


obtained in Problems 1-6. Do not evaluate the integral that In Problems 19-30, proceed as in Example 5 to find a solution 
defines y,(x). of the given initial-value problem. 

1 y" = l6y = x07 iy Se, KOH hy OQ ==4 

8 y" + 3y’ — 10y = x2 20. y"—y’ = 1, yO) = 10, y’(0) = 1 

9 y" +2y’+y=e7% 21. y" — 10y’ + 25y = e*, y(0) = —1,y'(0) = 1 

10. 4y” — 4y’ + y = arctan x 22. y" + 6y’ + 9y = x, yO) = 1, y’(0) = —3 
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y(a/2) = —7/2, y'(a/2) = -1 
24. y" + y =sec’x, y(7) =4,y' (7) = —-1 
25. y" + 3y’ + 2y = sine*, y(0O) = —1,y'(0) =0 


» y(0) = 0, y'(0) = 1 
y) = 2,9’) = -1 
y= Ly) =0 
w= Ly) =3 

x1). = 4,9") = 3 


23. y" + y = cscx cotx, 


26. y" + 3y’ + 2y = ae 


27. x’y" — 2xy’ + 2y =x, 
28. x’y"” — 2xy' + 2y = xInx, 
29. xy" — 6y = Inx, 
30. x’y"” — xy’ + y = x’, 


In Problems 3 1—34, proceed as in Example 6 to find a solution 
of the initial-value problem with the given piecewise-defined 
forcing function. 


31. y" —y =f), yO) = 8, y'(0) = 2, 


1, x<0O 


x20 


where f@ = ie 


32. y" —y =f), yO) = 3, y'(0) = 2, 


0, x <0 


woe 0 


where f@ = { 


33. y" + y= f(x), yO) = 1,y’(0) = -1, 


0, x<0 
where fa = §10, 0x =37 
0, x > 37 


34. yy" + y =f), yO) = 0,y'(0) = 1, 


0, x<0 
cosx, 0OSx=47 
0, x > 47 


where 


f@) = 


3.10.2 Boundary-Value Problems 


In Problems 35 and 36, (a) use (25) and (26) to find a solution of 
the boundary-value problem. (b) Verify that function y,,(x) satis- 


fies the differential equations and both boundary conditions. 


In 


. y” =f), yO) = 0, yy) = 0 

by =f), yO) = 0,90) + yO) = 0 

. In Problem 35 find a solution of the BVP when f(x) = 1. 
. In Problem 36 find a solution of the BVP when f(x) = x. 


Problems 39-44, proceed as in Examples 7 and 8 to find a 


solution of the given boundary-value problem. 


39. 
40. 
41. 
42. 
43. 
44. 


y"+y=1, yO) =0,y0d) =0 

y" + 9y = 1, yO) = 0, y'(7) = 0 

y” — 2y' + 2y = e*%, y(0) = 0, y(w/2) = 0 
y"—y' =e, yO) = 0, y(1) = 0 

wy" + xy’ =1, ye!) =0,y) =0 


x'y" — day’ + 6y = x", 1) — y'(1) = 0, (3) = 0 


Discussion Problems 


45. Suppose the solution of the boundary-value problem 


y" + Py' + Qy = f(x), ya) = 0, y(b) = 0, 

a < D, is given by y,(x) = S?Gx, t)f(t)dt where y,(x) and 
y2(x) are solutions of the associated homogeneous differential 
equation chosen in the construction of G(x, f) so that y,(a) = 0 
and y,(b) = 0. Prove that the solution of the boundary-value 
problem with nonhomogeneous DE and boundary conditions, 


y" + Py’ + Qy =f@), ya) =A, yb) = B 


is given by 


A 
yx) = Yo) + yi(x) + y y(x). 
2 


B 
yi(b) (a) 


[Hint: In your proof, you will have to show that y,(b) # 0 
and y,(a) # 0. Reread the assumptions following (23).] 


46. Use the result in Problem 45 to solve 


y+y=1, yO) = 5,y0) = —10. 


3.1 Nonlinear Models 


INTRODUCTION 


In this section we examine some nonlinear higher-order mathematical 


models. We are able to solve some of these models using the substitution method introduced on 
page 148. In some cases where the model cannot be solved, we show how a nonlinear DE can 
be replaced by a linear DE through a process called linearization. 


Hi Nonlinear Springs The mathematical model in (1) of Section 3.8 has the form 


d°x 
eS an (1) 
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soring linear spring 


soft spring 


> X 


FIGURE 3.11.1 Hard and soft springs 
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where F(x) = kx. Since x denotes the displacement of the mass from its equilibrium position, 
F(x) = kx is Hooke’s law, that is, the force exerted by the spring that tends to restore the mass 
to the equilibrium position. A spring acting under a linear restoring force F(x) = kx is naturally 
referred to as a linear spring. But springs are seldom perfectly linear. Depending on how it is 
constructed and the material used, a spring can range from “mushy” or soft to “stiff” or hard, so 
that its restorative force may vary from something below to something above that given by the 
linear law. In the case of free motion, if we assume that a nonaging spring possesses some non- 
linear characteristics, then it might be reasonable to assume that the restorative force F(x) of a 
spring is proportional to, say, the cube of the displacement x of the mass beyond its equilibrium 
position or that F(x) is a linear combination of powers of the displacement such as that given by 
the nonlinear function F(x) = kx + k,x*. A spring whose mathematical model incorporates a 
nonlinear restorative force, such as 


d°x 7 d’x ‘ 
m—+k? =0 of m2 tet hx = 0, (2) 


is called a nonlinear spring. In addition, we examined mathematical models in which damping 
imparted to the motion was proportional to the instantaneous velocity dx/dt, and the restoring 
force of a spring was given by the linear function F(x) = kx. But these were simply assumptions; 
in more realistic situations damping could be proportional to some power of the instantaneous 
velocity dx/dt. The nonlinear differential equation 


dx 


+kx =0 (3) 


is one model of a free spring/mass system with damping proportional to the square of the veloc- 
ity. One can then envision other kinds of models: linear damping and nonlinear restoring force, 
nonlinear damping and nonlinear restoring force, and so on. The point is, nonlinear characteris- 
tics of a physical system lead to a mathematical model that is nonlinear. 

Notice in (2) that both F(x) = kx? and F(x) = kx + k,x? are odd functions of x. To see why a 
polynomial function containing only odd powers of x provides a reasonable model for the restor- 
ing force, let us express F as a power series centered at the equilibrium position x = 0: 


F(x) = co + cyx + Cox" + ox fees 


When the displacements x are small, the values of x” are negligible for n sufficiently large. If we 
truncate the power series with, say, the fourth term, then 


F(x) = ¢y + yx + cox? + yx’. 


In order for the force at x > 0 (F(x) = cy + c,x + cox + €3x°) and the force at —x < 0 (F(—x) = 
Co — €yx + cox — c3x*) to have the same magnitude but act in the opposite directions, we must 
have F(—x) = —F(x). Since this means F is an odd function, we must have cg = O and c, = 0, 
and so F(x) = c,x + c3x*. Had we used only the first two terms in the series, the same argument 
yields the linear function F(x) = c,x. For discussion purposes we shall write c, = k and cy = ky. 
A restoring force with mixed powers such as F(x) = kx + k,x’, and the corresponding vibrations, 
are said to be unsymmetrical. 


Hi Hard and Soft Springs Let us take a closer look at the equation in (1) in the case where 
the restoring force is given by F(x) = kx + k,x°, k > 0. The spring is said to be hard if k, > 0 and 
soft if k, < 0. Graphs of three types of restoring forces are illustrated in FIGURE 3.11.1. The next 
example illustrates these two special cases of the differential equation m d*x/dt* + kx + k,x* = 0, 
m>0,k> 0. 


| EXAMPLE1 | Comparison of Hard and Soft Springs 


The differential equations 


—7, tx+x =0 (4) 
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(O)= 2, 
x’(0) =0 


(a) Hard spring 


x (0) =2, 
x/(0) =0 


a(O)S2, 
x’(0) =-3 


(b) Soft spring 


FIGURE 3.11.2 Numerical solution curves 


FIGURE 3.11.3 Simple pendulum 


2 
and —+x-xv=0 (5) 


are special cases of (2) and are models of a hard spring and soft spring, respectively. 
FIGURE 3.11.2(a) shows two solutions of (4) and Figure 3.11.2(b) shows two solutions of (5) 
obtained from a numerical solver. The curves shown in red are solutions satisfying the initial 
conditions x(0) = 2, x'(0) = —3; the two curves in blue are solutions satisfying x(0) = 2, 
x'(0) = 0. These solution curves certainly suggest that the motion of a mass on the hard spring 
is oscillatory, whereas motion of a mass on the soft spring is not oscillatory. But we must 
be careful about drawing conclusions based on a couple of solution curves. A more complete 
picture of the nature of the solutions of both equations can be obtained from the qualitative 


analysis discussed in Chapter 11. = 


| Nonlinear Pendulum Any object that swings back and forth is called a physical pen- 
dulum. The simple pendulum is a special case of the physical pendulum and consists of a rod 
of length / to which a mass m is attached at one end. In describing the motion of a simple pen- 
dulum in a vertical plane, we make the simplifying assumptions that the mass of the rod is 
negligible and that no external damping or driving forces act on the system. The displacement 
angle 6 of the pendulum, measured from the vertical as shown in FIGURE 3.11.3, is considered 
positive when measured to the right of OP and negative to the left of OP. Now recall that the arc s of a 
circle of radius / is related to the central angle 0 by the formula s = /6. Hence angular acceleration is 


d’s d°0 
a=—= an 
dt? dt? 
From Newton’s second law we then have 
d’0 


F = ma=nl—,. 
dt 

From Figure 3.11.3 we see that the magnitude of the tangential component of the force due to 
the weight W is mg sin 6. In direction this force is —mg sin 6, since it points to the left for 8 > 0 
and to the right for 0 < 0. We equate the two different versions of the tangential force to obtain 
ml d?6/dt? = —mg sin 6 or 

d’o 

Af 4 2 eg 2h. (6) 

dt so 
il Linearization Because of the presence of sin 0, the model in (6) is nonlinear. In an at- 
tempt to understand the behavior of the solutions of nonlinear higher-order differential equations, 
one sometimes tries to simplify the problem by replacing nonlinear terms by certain approxima- 
tions. For example, the Maclaurin series for sin @ is given by 


ee 
+ sox, 
3! 53! 
and so if we use the approximation sin 0 ~ 0 — 6/6, equation (6) becomes d @/dt? + (g/DO — 
(g/61)0° = 0. Observe that this last equation is the same as the second nonlinear equation in (2) 


with m = 1,k = g/l, andk, = —g/6l. However, if we assume that the displacements 6 are small 
enough to justify using the replacement sin 0 ~ 6, then (6) becomes 


sin? = @ 


dog 
+—@=0. 7 
dt (7) 


See Problem 24 in Exercises 3.11. If we set w* = g/l, we recognize (7) as the differential equation 
(2) of Section 3.8 that is a model for the free undamped vibrations of a linear spring/mass system. 
In other words, (7) is again the basic linear equation y” + Ay = 0 discussed on pages 170-171 
of Section 3.9. As a consequence, we say that equation (7) is a linearization of equation (6). 
Since the general solution of (7) is 0(t) = c, cos wt + cz sin wt, this linearization suggests that 
for initial conditions amenable to small oscillations the motion of the pendulum described by 
(6) will be periodic. 
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| EXAMPLE2 | Two Initial-Value Problems 


The graphs in FIGURE 3.11.4(a) were obtained with the aid of a numerical solver and represent 
solution curves of equation (6) when w* = 1. The blue curve depicts the solution of (6) that 
satisfies the initial conditions 6(0) = 5, 6'(0) = 5 whereas the red curve is the solution of (6) 
that satisfies 0(0) = 4, 6’(0) = 2. The blue curve represents a periodic solution—the pendulum 
oscillating back and forth as shown in Figure 3.11.4(b) with an apparent amplitude A = 1. The 
red curve shows that 0 increases without bound as time increases—the pendulum, starting from 
the same initial displacement, is given an initial velocity of magnitude great enough to send it 
over the top; in other words, the pendulum is whirling about its pivot as shown in Figure 3.11.4(c). 
In the absence of damping the motion in each case is continued indefinitely. 


é 


(0) =5, 6'(0) =2 


pert ttt ers 


/ a / 
/ so 
CS wks J 
Sm aN eee 
1 zi 
=e a(0)=4, a(0)= 4, 
a. oe a0) =5 a'(0) = 2 


(a) (b) (c) 
FIGURE 3.11.4 Numerical solution curves in (a); oscillating pendulum in (b); 
whirling pendulum in (c) in Example 2 


Hi Telephone Wires The first-order differential equation 
dy _W 


dx T, 
is equation (16) of Section 1.3. This differential equation, established with the aid of Figure 1.3.9 
on page 24, serves as a mathematical model for the shape of a flexible cable suspended between 
two vertical supports when the cable is carrying a vertical load. In Exercises 2.2, you may have 
solved this simple DE under the assumption that the vertical load carried by the cables of a sus- 
pension bridge was the weight of a horizontal roadbed distributed evenly along the x-axis. With 
W = pw, p the weight per unit length of the roadbed, the shape of each cable between the verti- 
cal supports turned out to be parabolic. We are now in a position to determine the shape of a 
uniform flexible cable hanging under its own weight, such as a wire strung between two telephone 
posts. The vertical load is now the wire itself, and so if p is the linear density of the wire (mea- 
sured, say, in lb/ft) and s is the length of the segment P,P, in Figure 1.3.9, then W = ps. Hence, 


dy _ ps 


dx Ty (8) 


Since the arc length between points P, and P, is given by 


s= | 1+ (2) dx, (9) 


it follows from the Fundamental Theorem of Calculus that the derivative of (9) is 


2 
#1 + (2). (10) 


Differentiating (8) with respect to x and using (10) leads to the nonlinear second-order equation 


d? d d* dy\? 
ea eat 4, a= 41 +(2). (11) 
dx T, dx dx T, dx 
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FIGURE 3.11.5 Distance to rocket is large 
compared to R 


In the example that follows, we solve (11) and show that the curve assumed by the suspended 
cable is a catenary. Before proceeding, observe that the nonlinear second-order differential 
equation (11) is one of those equations having the form F(x, y’, y’) = 0 discussed in Section 3.7. 
Recall, we have a chance of solving an equation of this type by reducing the order of the equation 
by means of the substitution vu = y’. 


| EXAMPLE3 | An Initial-Value Problem 


From the position of the y-axis in Figure 1.3.9 it is apparent that initial conditions associated 
with the second differential equation in (11) are y(0) = aand y’(0) = 0. If we substitute u = y’, 


d cane 
the last equation in (11) becomes = = = 1 + u’. Separating variables, 
x 1 
d 
| = Plax gives sinh 'u = f. +P oGy: 
Vi¢cw fT T, 


Now, y'(0) = 0 is equivalent to u(0) = 0. Since sinh! 0 = 0, we find c, = 0 and so 
u = sinh (px/T,). Finally, by integrating both sides of 


d T, 
= sinh fy we get y= cosh a, + >. 
dx T, p T, 
Using y(0) = a, cosh 0 = 1, the last equation implies that c; = a — T,/p. Thus we see that the 


shape of the hanging wire is given by y = (7;/p) cosh(px/T,) + a — T,/p. = 


In Example 3, had we been clever enough at the start to choose a = T,/p, then the solution of 
the problem would have been simply the hyperbolic cosine y = (7;/p) cosh (px/T;). 


Hi Rocket Motion In Section 1.3 we saw that the differential equation of a free-falling body 
of mass m near the surface of the Earth is given by 
d’s d’s 


m—, = —mg or simply he 


dt? ~ 8 


where s represents the distance from the surface of the Earth to the object and the positive direc- 
tion is considered to be upward. In other words, the underlying assumption here is that the distance 
s to the object is small when compared with the radius R of the Earth; put yet another way, the 
distance y from the center of the Earth to the object is approximately the same as R. If, on the 
other hand, the distance y to an object, such as a rocket or a space probe, is large compared to R, 
then we combine Newton’s second law of motion and his universal law of gravitation to derive 
a differential equation in the variable y. 

Suppose a rocket is launched vertically upward from the ground as shown in FIGURE 3.11.5. If 
the positive direction is upward and air resistance is ignored, then the differential equation of 
motion after fuel burnout is 


(12) 


where k is a constant of proportionality, y is the distance from the center of the Earth to the 
rocket, M is the mass of the Earth, and m is the mass of the rocket. To determine the constant 
k, we use the fact that when y = R, kMm/R? = mg or k = gR’/M. Thus the last equation in 
(12) becomes 

1 R? 


= -g,-—. 13 
dt* Sy ue) 


Qa 


See Problem 14 in Exercises 3.11. 


Hi Variable Mass Notice in the preceding discussion that we described the motion of the 
rocket after it has burned all its fuel, when presumably its mass m is constant. Of course during 
its powered ascent, the total mass of the rocket varies as its fuel is being expended. The second 
law of motion, as originally advanced by Newton, states that when a body of mass m moves 
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through a force field with velocity v, the time rate of change of the momentum mv of the body 
is equal to applied or net force F acting on the body: 


PS “(m). (14) 


See Problems 21 and 22 in Exercise 1.3. If mis constant, then (14) yields the more familiar form 
F = madv/dt = ma, where a is acceleration. We use the form of Newton’s second law given in 
(14) in the next example, in which the mass m of the body is variable. 


| EXAMPLE4 | Rope Pulled Upward by a Constant Force 


A uniform 10-foot-long heavy rope is coiled loosely on the ground. One end of the rope is 
pulled vertically upward by means of a constant force of 5 1b. The rope weighs | lb per foot. 
Determine the height x(t) of the end above ground level at time ¢. See FIGURE 1.8.2 and Problem 43 
in Chapter | in Review. 


SOLUTION Let us suppose that x = x(f) denotes the height of the end of the rope in the air 
at time t, v = dx/dt, and that the positive direction is upward. For that portion of the rope in 
the air at time f we have the following variable quantities: 


weight: W= (xft)- (1 lb/ft) = x, 
mass. m= W/g = x/32, 
net force. F=5—-W=5-x. 


Thus from (14) we have 
Product Rule 
£(S»)=5- BY a G16) 8) (15) 
dt \32" eat at * 
Since v = dx/dt the last equation becomes 
da d 2 
<4 (“) + 32x = 160. (16) 
dt~ dt 


The nonlinear second-order differential equation (16) has the form F(x, x’, x") = 0, which is 
the second of the two forms considered in Section 3.7 that can possibly be solved by reduction 
of order. In order to solve (16), we revert back to (15) and use v = x’ along with the Chain 

dv dvdx 


dt dxdt 


dv ae: . 
Rule. From v d the second equation in (15) can be rewritten as 
bi 


a 
xw— + y? = 160 = 32x, (17) 
dx 


On inspection (17) might appear intractable, since it cannot be characterized as any of the 
first-order equations that were solved in Chapter 2. However, by rewriting (17) in differential 
form M(x, v) dx + N(x, v) dv = 0, we observe that the nonexact equation 


(v + 32x — 160)dx + xvdv = 0 (18) 


can be transformed into an exact equation by multiplying it by an integrating factor.* When 
(18) is multiplied by u(x) = x, the resulting equation is exact (verify). If we identify af/ax = 
xv? + 32x — 160x, df/av = x’v, and then proceed as in Section 2.4, we arrive at 

1 


32 
ge + ae — 80x? = ¢). (19) 


From the initial condition x(0) = 0 it follows that c, = 0. Now by solving $x7v? + x3 — 


80x” = 0 for v = dx/dt > 0 we get another differential equation, 


dx | 64 
— = 1 4 
dt ee 3 “3 


*See pages 62-63 in Section 2.4. 
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FIGURE 3.11.6 Graph of (21) in Example 4 


x(t) = 5 


which can be solved by separation of variables. You should verify that 


4 \12 
-2 (160 - #.) =p Fo. (20) 


This time the initial condition x(0) = 0 implies c, = —3 V10/8. Finally, by squaring both 
sides of (20) and solving for x we arrive at the desired result, 


(21) = 


1515 (: 7 v0 


2 15 


The graph of (21) given in FIGURE 3.11.6 should not, on physical grounds, be taken at face value. 
See Problems 15 and 16 in Exercises 3.11. 


| 3.11 | Exercises Answers to selected odd-numbered problems begin on page ANS-7. 


To the Instructor 


In addition to Problems 24 and 25, all or portions of Problems 
1-6, 8-13, 18, and 23 could serve as Computer Lab Assignments. 


Nonlinear Springs 


In Problems 1 —4, the given differential equation is a model of an 
undamped spring/mass system in which the restoring force F(x) in 
(1) is nonlinear. For each equation use a numerical solver to plot 
the solution curves satisfying the given initial conditions. If the 
solutions appear to be periodic, use the solution curve to estimate 
the period T of oscillations. 


d?x 3 
1 —>+x=0, 
dt 
x(0) = 1, x'(0) = 1; «(0) = 3, x’(0) = -1 
d- 
2 <* + 4x - 168 =0, 
dt 
x(0) = 1, x’(0) = 1; x(0) = —2, x’(0) = 2 
d*: 
3. * + 2x—-x2=0, 
dt 


x(0) = 1, x'(0) = 1; x(0) = 3, x'(0) = -1 


x(O) = 1, x’(0) = 1; x(0) = 3, x'(0) = —-1 

5. In Problem 3, suppose the mass is released from the initial 
position x(0) = 1 with an initial velocity x’(0) = x,. Use a 
numerical solver to estimate the smallest value of |x,| at which 
the motion of the mass is nonperiodic. 

6. In Problem 3, suppose the mass is released from an initial 
position x(0) = x9 with the initial velocity x'(0) = 1. Use a 
numerical solver to estimate an interval a = x) = b for which 
the motion is oscillatory. 

7. Find a linearization of the differential equation in Problem 4. 

8. Consider the model of an undamped nonlinear spring/mass 
system given by x” + 8x — 6x? + x° = 0. Use a numerical 
solver to discuss the nature of the oscillations of the system 
corresponding to the initial conditions: 


x(0) = 1,x'(0) = 1; 
x(0) = V2, x'(0) = 1; 
x(0) = 2, x'(0) = 0; 


x(0) = —2, x'(0) = 5; 
x(0) = 2, x'(0) = 4; 
x(0) = —V2,x'(0) = 1. 


In Problems 9 and 10, the given differential equation is a model of 
a damped nonlinear spring/mass system. Predict the behavior of 
each system as t > 00. For each equation use a numerical solver to 
obtain the solution curves satisfying the given initial conditions. 


9 ax a t+x+x=0 
ae a 
x(0) = —3, x’(0)=4; x(0)=0, x'(0)=—8 
d*x dx 
10. + — 
de | dt.” . 


x(0)=0, x'(0)=32; x0)=-1, x(O)=1 


11. The model mx" + kx + kx? = Fo cos wt of an undamped 
periodically driven spring/mass system is called Duffing’s 
differential equation. Consider the initial-value problem 
x" +x + kx =5 cost, x(0) = 1, x'(0) = 0. Use a numerical 
solver to investigate the behavior of the system for values of 
k, > Oranging from k, = 0.01 tok, = 100. State your conclusions. 

12. (a) Find values of k, < 0 for which the system in Problem 

11 is oscillatory. 
(b) Consider the initial-value problem 


x" +x+ ke = cos 3t, x(0) = 0, x'(0) = 0. 


Find values for k, < 0 for which the system is oscillatory. 


Nonlinear Pendulum 


13. Consider the model of the free damped nonlinear pendulum 
given by 


d’6 dé 5 
7 + 2A— + w'sind = 0. 
dt dt 


Use a numerical solver to investigate whether the motion in 
the two cases A* — w” > 0 and A? — w* < 0 corresponds, 
respectively, to the overdamped and underdamped cases dis- 
cussed in Section 3.8 for spring/mass systems. Choose 
appropriate initial conditions and values of A and w. 


Rocket Motion 


14. (a) Use the substitution v = dy/dt to solve (13) for v in terms 
of y. Assume that the velocity of the rocket at burnout 
is v = vo and that y ~ R at that instant; show that the 
approximate value of the constant c of integration 


isc = —gR + 3%. 
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(b) Use the solution for v in part (a) to show that the escape 


velocity of the rocket is given by vy) = V 2gR. [Hint: Take 
y— © and assume v > 0 for all time ¢.] 

(c) The result in part (b) holds for any body in the solar 
system. Use the values g = 32 ft/s* and R = 4000 mi to 
show that the escape velocity from the Earth is (approx- 
imately) vy = 25,000 mi/h. 

(d) Find the escape velocity from the Moon if the acceleration 
of gravity is 0.165g and R = 1080 mi. 


Variable Mass 


15. (a) In Example 4, show that equation (16) possesses a con- 
stant solution x(t) = k > 0. 
(b) Why does the value of k in part (a) make intuitive sense? 
(c) What is the initial velocity of the rope? 


16. (a) In Example 4, what does (21) predict to be the maximum 
amount of rope lifted by the constant force? 
(b) Explain any difference between your answer to part (a) in 
this problem and your answer to part (a) of Problem 15. 
(c) Why would you expect the solution x(¢) of the problem 
in Example 4 to be oscillatory? 


4 Warren S. Wright, Professor Emeritus 
Contributed Problems Department of Mathematics 


Loyola Marymount University 


17. The Caught Pendulum Suppose the massless rod in the 
discussion of the nonlinear pendulum is actually a string of 
length /. A mass m is attached to the end of the string and 
the pendulum is released from rest at a small displacement 
angle 6) > 0. When the pendulum reaches the equilibrium 
position OP in Figure 3.11.3 the string hits a nail and gets 
caught at this point //4 above the mass. The mass oscillates 
from this new pivot point as shown in FIGURE 3.11.7. 

(a) Construct and solve a linear initial-value problem that 
gives the displacement angle, denote it 6,(f), forO =t< T, 
where T represents the time when the string first hits 
the nail. 

(b) Find the time T in part (a). 

(c) Construct and solve a linear initial-value problem that 
gives the displacement angle, denote it 6,(4), for t = T, 
where T is the time in part (a). Compare the amplitude 
and period of oscillations in this case with that predicted 
by the initial-value problem in part (a). 


FIGURE 3.11.7 Pendulum in Problem 17 
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18. The Caught Pendulum—Continued (a) Use a graphing util- 


ity to obtain the graphs of the displacement angles 6,(f) 
and 6,(f) in parts (a) and (c) of Problem 17. Use the same 
coordinate axes. Take 6) = 0.2 radians and / = 2 ft. 

(b) Then use a numerical solver ora CAS to obtain the graphs 
of the solutions 0,(f) and 6,(¢) of the corresponding non- 
linear initial-value problems and compare with part (a). 
Take 6) = 0.2 radians and / = 2 ft. 

(c) Experiment with values of 6) until you discern a notice- 
able difference between the solutions of the linear and 
nonlinear initial-value problems. 


Additional Mathematical Models 


19. 


20. 


PursuitCurve Ina naval exercise, a ship S, is pursued by a 
submarine S,, as shown in FIGURE 3.11.8. Ship S, departs 
point (0, 0) at t = 0 and proceeds along a straight-line 
course (the y-axis) at a constant speed v,. The submarine 
S, keeps ship S; in visual contact, indicated by the straight 
dashed line L in the figure, while traveling at a constant 
speed v, along a curve C. Assume that S, starts at the point 
(a, 0), a > 0, at t = 0 and that L is tangent to C. Determine 
a mathematical model that describes the curve C. Find an 
explicit solution of the differential equation. For conve- 
nience, define r = v,/v,. Determine whether the paths of 
S, and S, will ever intersect by considering the cases r > 1, 


dt dtd. 
r<l,andr = 1. [Hint: — = eats where s is arc length 


measured along C.] dx ds dx 


FIGURE 3.11.8 Pursuit curve in Problem 19 


Pursuit Curve In another naval exercise, a destroyer S, pur- 
sues a submerged submarine Sj. Suppose that S, at (9, 0) on 
the x-axis detects S, at (0, 0) and that S, simultaneously detects 
S,. The captain of the destroyer S, assumes that the submarine 
will take immediate evasive action and conjectures that its 
likely new course is the straight line indicated in FIGURE 3.11.9. 
When 5S, is at (3, 0) it changes from its straight-line course 
toward the origin to a pursuit curve C. Assume that the speed 
of the destroyer is, at all times, a constant 30 mi/h and the 
submarine’s speed is a constant 15 mi/h. 
(a) Explain why the captain waits until S; reaches (3, 0) be- 
fore ordering a course change to C. 


(b) 
(c) 


Using polar coordinates, find an equation r = f(0) for the 
curve C, 

Let T denote the time, measured from the initial detection, 
at which the destroyer intercepts the submarine. Find an 
upper bound for 7. 


x 
(9, 0) 


(3, 0) 


FIGURE 3.11.9 Pursuit curve in Problem 20 


Discussion Problems 


21. Discuss why the damping term in equation (3) is written as 


22. (a) 


(b) 


23. (a) 


(b) 
(c) 


dx 


2 
os instead of o(“). 
dt| dt 


dt 


Experiment with a calculator to find an interval 0 = 0 < 6,, 
where @ is measured in radians, for which you think 
sin 0 ~ 0 is a fairly good estimate. Then use a graphing 
utility to plot the graphs of y = x and y = sin x on the 
same coordinate axes for 0 = x = 77/2. Do the graphs 
confirm your observations with the calculator? 

Use a numerical solver to plot the solutions curves of the 
initial-value problems 


2 


6 
+ sind =0, 0(0) = 4%, 


0'(0) =0 
dt? 0) 


d’0 
and 5 +0=0, 00) =O, 0'(0) = 0 


for several values of 6 in the interval 0 = 6 < 6, found 
in part (a). Then plot solution curves of the initial- 
value problems for several values of 6) for which 
A) > 04. 

Consider the nonlinear pendulum whose oscillations are 
defined by (6). Use a numerical solver as an aid to deter- 
mine whether a pendulum of length / will oscillate faster 
on the Earth or on the Moon. Use the same initial condi- 
tions, but choose these initial conditions so that the pen- 
dulum oscillates back and forth. 

For which location in part (a) does the pendulum have 
greater amplitude? 

Are the conclusions in parts (a) and (b) the same when 
the linear model (7) is used? 


Computer Lab Assignments 


24. Consider the initial-value problem 


25. 


40 sing =0 6c) = = 
——, sin = VU, Sey 
dt? 


aT 
ig Ors 


for the nonlinear pendulum. Since we cannot solve the dif- 
ferential equation, we can find no explicit solution of this 
problem. But suppose we wish to determine the first time 
t, > 0 for which the pendulum in Figure 3.11.3, starting from 
its initial position to the right, reaches the position OP—that 
is, find the first positive root of @(t) = 0. In this problem and 
the next we examine several ways to proceed. 

(a) Approximate f, by solving the linear problem 


d°0 
dt* 


+9=0, 00) =, 0 =-~ 
12° 3 


(b) Use the method illustrated in Example 3 of Section 3.7 
to find the first four nonzero terms of a Taylor series 
solution 6(f) centered at 0 for the nonlinear initial-value 
problem. Give the exact values of all coefficients. 

(c) Use the first two terms of the Taylor series in part (b) to 
approximate f,. 

(d) Use the first three terms of the Taylor series in part (b) to 
approximate f,. 

(e) Use a root-finding application of a CAS (or a graphing 
calculator) and the first four terms of the Taylor series in 
part (b) to approximate f,. 

(f) In this part of the problem you are led through the com- 
mands in Mathematica that enable you to approximate 
the root t,. The procedure is easily modified so that any 
root of @(t) = 0 can be approximated. (/f you do not have 
Mathematica, adapt the given procedure by finding the 
corresponding syntax for the CAS you have on hand.) 
Reproduce and then, in turn, execute each line in the given 
sequence of commands. 


sol = NDSolve[{y’[t] + Sin[y[t]} == 0, 
y[0] == Pi/12, y’[0] == —1/3}, 
y, { t, 0, 5} ]//Flatten 

solution = y[t]/.sol 

Clear[y] 

y[t_]: = Evaluate[solution] 

y(t] 

grl = Plot[y[t], { t, 0, 5} ] 

root = FindRoot[y[t] == 0, { t, 1} ] 


(g) Appropriately modify the syntax in part (f) and find the 
next two positive roots of A(t) = 0. 

Consider a pendulum that is released from rest from an 

initial displacement of 6) radians. Solving the linear model (7) 

subject to the initial conditions 6(0) = 60, @'(0) = O gives 

O(t) = 0) cos V gilt. The period of oscillations predicted by this 


modelis given by the familiar formula T = 277/V g/l = 27V I/g. 
The interesting thing about this formula for T is that it does 


3.11 Nonlinear Models |! 195 


not depend on the magnitude of the initial displacement 6p. In 
other words, the linear model predicts that the time that it would 
take the pendulum to swing from an initial displacement of, 
say, 09 = 77/2 (= 90°) to — 77/2 and back again would be exactly 
the same time to cycle from, say, 09 = 7/360 (= 0.5°) to 
—77/360. This is intuitively unreasonable; the actual period must 
depend on 6). 

If we assume that g = 32 ft/s’ and / = 32 ft, then the period 
of oscillation of the linear model is T = 277 s. Let us compare 
this last number with the period predicted by the nonlinear 


for 0 =t <2. As in Problem 24, if t, denotes the first time the 
pendulum reaches the position OP in Figure 3.11.3, then the 
period of the nonlinear pendulum is 47,. Here is another way 
of solving the equation 0(f) = 0. Experiment with small step 
sizes and advance the time starting at t = 0 and ending at f = 2. 
From your hard data, observe the time t, when 0(t) changes, 
for the first time, from positive to negative. Use the value f, 
to determine the true value of the period of the nonlinear 
pendulum. Compute the percentage relative error in the period 
estimated by T = 27. 


model when 6) = 77/4. Using a numerical solver that is ca- 
pable of generating hard data, approximate the solution of 


2 


d“é fae _ 7 ; _ 
ge sind = 0, (0) = 7 0'(0) = 0 


3.12 Solving Systems of Linear Equations 


INTRODUCTION Weconclude this chapter as we did in Chapter 2 with systems of differential 
equations. But unlike Section 2.9, we will actually solve systems in the discussion that follows. 


1 Coupled Systems/Coupled DEs In Section 2.9 we briefly examined some mathemat- 
ical models that were systems of linear and nonlinear first-order ODEs. In Section 3.8 we saw 
that the mathematical model describing the displacement of a mass on a single spring, current in 
a series circuit, and charge on a capacitor in a series circuit consisted of a single differential 
equation. When physical systems are coupled—for example, when two or more mixing tanks are 
connected, when two or more spring/mass systems are attached, or when circuits are joined to 
form a network—the mathematical model of the system usually consists of a set of coupled dif- 
ferential equations, in other words, a system of differential equations. 

We did not attempt to solve any of the systems considered in Section 2.9. The same remarks 
made in Sections 3.7 and 3.11 pertain as well to systems of nonlinear ODEs; that is, it is nearly 
impossible to solve such systems analytically. However, /inear systems with constant coefficients 
can be solved. The method that we shall examine in this section for solving linear systems with 
constant coefficients simply uncouples the system into distinct linear ODEs in each dependent 
variable. Thus, this section gives you an opportunity to practice what you learned earlier in 
the chapter. 

Before proceeding, let us continue in the same vein as Section 3.8 by considering a spring/ 
mass system, but this time we derive a mathematical model that describes the vertical displace- 
kx; | ments of two masses in a coupled spring/mass system. 


1 Coupled Spring/Mass System Suppose two masses m, and m, are connected to 
two springs A and B of negligible mass having spring constants k, and k,, respectively. As 
shown in FIGURE 3.12.1(a), spring A is attached to a rigid support and spring B is attached to the 
bottom of mass m,. Let x,(f) and x,(t) denote the vertical displacements of the masses from 
their equilibrium positions. When the system is in motion, Figure 3.12.1(b), spring B is subject 
to both an elongation and a compression; hence its net elongation is x, — x,. Therefore it fol- 
lows from Hooke’s law that springs A and B exert forces —k,x, and k,(x) — x,), respectively, 
on m,. If no damping is present and no external force is impressed on the system, then the net 


force on m, is —k,x, + k(x) — x,). By Newton’s second law we can write 
(a) Equilibrium (b) Motion —_(c) Forces 


ky(xy-x)) 


ky(x-%)) 


FIGURE 3.12.1 Coupled spring/mass m,—> = 


—k,x, + k(x, — x)). 
en dt real (Xp 7) 
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Similarly, the net force exerted on mass m, is due solely to the net elongation of spring B, that 
is, —k,(x, — x,). Hence we have 


d°x, 
My dt2 = —kj(x. — X)). 


In other words, the motion of the coupled system is represented by the system of linear second- 
order equations 


mx, = —kyx, + k(x. — x) 


(1) 


MXz = —ky(X_ — x). 
After we have illustrated the main idea of this section, we will return to system (1). 


[| Systematic Elimination The method of systematic elimination for solving systems 
of linear equations with constant coefficients is based on the algebraic principle of elimination 
of variables. The analogue of multiplying an algebraic equation by a constant is operating on an 
ODE with some combination of derivatives. The elimination process is expedited by rewriting 
each equation in a system using differential operator notation. Recall from Section 3.1 that a 
single linear equation 


ay” Te any"? acre? se ayy’ + aoy = g(t), 


where the coefficients a;, i = 0, 1,..., m are constants, can be written as 
(a,D" + d,—,D’"! +++ +a,D + ay)y = g(t). 


If an nth-order differential operator a,D" + a,_,D""'! +--+. + a,D + ap factors into differential 
operators of lower order, then the factors commute. Now, for example, to rewrite the system 


x" +2x' +y"=xt+ 3y 4 sint 
x’ +y'=—-4x+2y+e' 


in terms of the operator D, we first bring all terms involving the dependent variables to one side 
and group the same variables: 


x" + 2x’ —xt+y" —3y =sint (D? + 2D — 1)x + (D? — 3)y = sint 
so that 
x’ +4x+y'—2y=e"' (D+ 4)x + (D— 2)y =e. 


Hi Solution of a System A solution of a system of differential equations is a set of suf- 
ficiently differentiable functions x = ¢,(f), y = (tf), z = ;(f), and so on, that satisfies each 
equation in the system on some common interval I. 


Hi Method of Solution Consider the simple system of linear first-order equations 


dx 
— = 3y 
dt . Dx — 3y = 0 
or, equivalently, (2) 
dy 2x — Dy = 0. 
— = 2x 
dt 


Operating on the first equation in (2) by D while multiplying the second by —3 and then adding 
eliminates y from the system and gives D*x — 6x = 0. Since the roots of the auxiliary equation 
of the last DE are m, = V6 and m, = — V6, we obtain 


x(t) = ce Ve + ce ¥", (3) 
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This is important. > 


Multiplying the first equation in (2) by 2 while operating on the second by D and then subtracting 
gives the differential equation for y, D’y — 6y = 0. It follows immediately that 


y(t) = ce V8 + ce", (4) 


Now, (3) and (4) do not satisfy the system (2) for every choice of cj, cy, c3, and c, because the 
system itself puts a constraint on the number of parameters in a solution that can be chosen ar- 
bitrarily. To see this, observe that after substituting x(t) and y(f) into the first equation of the 
original system, (2) gives, after simplification, 


(-V6c, = 3c,)eV% + (V6c> - 3c,)eV = 0. 


Since the latter expression is to be zero for all values of t, we must have — V6c, — 3c; = 0 and 
V 6c, — 3c, = 0. Thus we can write c; and a multiple of c, and c, as a multiple of cy: 


C3 = ae c,; and cy = —~oc. (5) 


Hence we conclude that a solution of the system must be 


6 Fs 6 z 
es ceV", y(t) = ——~— ¢.e-V + V6 gM 


x(t) = cye 


You are urged to substitute (3) and (4) into the second equation of (2) and verify that the same 
relationship (5) holds between the constants. 


| EXAMPLE1 | Solution by Elimination 


Solve Dx + (D+ 2)y =0 (6) 
(D — 3)x — 2y = 0. 


SOLUTION Operating on the first equation by D — 3 and on the second by D and then sub- 
tracting eliminates x from the system. It follows that the differential equation for y is 


[((D — 3)(D+2)+2Dly=0 or (D*?+D-6y=0. 


Since the characteristic equation of this last differential equation is m* + m — 6 = 
(m — 2)(m + 3) = 0, we obtain the solution 


y(t) = ce" + ce. (7) 
Eliminating y in a similar manner yields (D? + D — 6)x = 0, from which we find 
x(t) = c3e" + cye* (8) 


As we noted in the foregoing discussion, a solution of (6) does not contain four independent 
constants. Substituting (7) and (8) into the first equation of (6) gives 


(4c, + 2c3)e7" + (—c, — 3c,)e-* = 0. 


From 4c, + 2c,; = 0 and —c, — 3c, = 0 we get c; = —2c, and c, = —}c>. Accordingly, a 
solution of the system is 


—3t 3t 


, Wt) = ce" + coe *. 


1 
x(t) = —2ce — 302 
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Watch for a shortcut. 


Since we could just as easily solve for c3 and c, in terms of c, and cp, the solution in Example 1 
can be written in the alternative form 


3r 3t 


= 2t = = Ll 2t _ = 
x(t) = c3e" + eye", y(t) re 3cye~". 


It sometimes pays to keep one’s eyes open when solving systems. Had we solved for x first, then y 
could be found, along with the relationship between the constants, by using the last equation in 


(6). You should verify that substituting x(f) into y = (Dx — 3x) yields y = — 4c,e7" — 3cye*. 
| EXAMPLE2 | Solution by Elimination 
Solve x -4xt+ y=? 


x’ +x+y' =0. (9) 


SOLUTION First we write the system in differential operator notation: 


(D-4)x + D’y =?? (10) 
(D + 1)x + Dy = 0. 


Then, by eliminating x, we obtain 


[(D + 1)D? — (D — 4)Dly = (D + 1)t? — (D- 40 
or (D3 + 4D)y = t? + 2t. 


Since the roots of the auxiliary equation m(m* + 4) = 0 are m, = 0, m, = 2i, and m, = —2i, 
the complementary function is 


Ve = Cy + C2 cos 2t + c3 sin 2¢. 


To determine the particular solution y, we use undetermined coefficients by assuming 
y, = At* + Bt? + Ct. Therefore 


Yp = 3Ar2 + 2Br+ Cc; ye = 6At + 2B, if = 6A, 
yy + Ay, = 12At? + 8Btt+ 6A + 4C = t? + 2t. 


The last equality implies 12A = 1, 8B = 2,6A + 4C = 0, and hence A =, B = §, C = —3. 
Thus 


1 1 1 
=y,+y,=c,+ 2¢4 esi 2h a eS 11 
Y=Ve + Vy = C1 + Cy COS c3 sin D 4 8 (11) 
Eliminating y from the system (9) leads to 
(D-4)-D(iD+D)kx=t? or (D?+4)x = —-?. 


It should be obvious that 
X. = C4 COS 2t + cs sin 2t 


and that undetermined coefficients can be applied to obtain a particular solution of the form 


t= At? + Bt + C. In this case the usual differentiations and algebra yield i= —4t? + 3, 
and so 
. Is Al 
X= Xe + Xy = C4 C08 2t + cs sin 2t— Ft +] (12) 


3.12 Solving Systems of Linear Equations | 199 


Now cy, and c; can be expressed in terms of cy and c3 by substituting (11) and (12) into either 
equation of (9). By using the second equation, we find, after combining terms, 


(cs — 2c, — 2c) sin 2t + (2c5 + cy + 2c3) cos 2t = 0 
so that cs; — 2c, — 2c, = 0 and 2c; + cy + 2c3 = 0. Solving for cy and c; in terms of c, and c3 
gives cy = —5(4c) + 2c3) and cs = $(2c) — 4c;). Finally, a solution of (9) is found to be 


| I 1 1 
x(t) = ~5 (4c, + 2c3) cos 2t + 5 (2c) — 4c3) sin 2t — i pe = 


1 1 1 
y() = ¢1 + e208 t+ cssin2+ SP + or ot 


| EXAMPLE3 | A Mathematical Model Revisited 


In (3) of Section 2.9 we saw that a system of linear first-order differential equations described 
the number of pounds of salt x,(4) and x,(¢) of a brine mixture that flows between two tanks. 
See Figure 2.9.1. At that time we were not able to solve the system. But now, in terms of dif- 
ferential operators, the system is 


Operating on the first equation by D + 3, multiplying the second equation by <5, adding, and 
then simplifying, gives 


(625D* + 100D + 3)x, = 0. 


From the auxiliary equation 625m” + 100m + 3 = (25m + 1)(25m + 3) = 0 we see 
immediately that 


x(t) = ce + ce 3, 
In like manner we find (625D* + 100D + 3)x, = 0 and so 
xp(t) = ce + eye 3, 
Substituting x,(¢) and x,(f) into, say, the first equation of the system then gives 
(2c, — c3)e-V5 + (—2ey — eye "5 = 0. 
From this last equation we find c3 = 2c, and cy = —2c>. Thus a solution of the system is 


- -3 = =31/25 
x(t) = ce" + oe”, A(t) = 2cye ” — 2c,e3. 


In the original discussion we assumed that initial conditions were x,(0) = 25 and x,(0) = 0. 
Applying these conditions to the solution yields c, + c, = 25 and 2c, — 2c, = 0. Solving 
these equations simultaneously gives c, = c) = . Finally, a solution of the initial-value 
problem is 


25 25 2 = 
x(t) = oo + Pea x(t) = 5e / _ 25e 31/25 


The graphs of x,(¢) and x,(¢) are given in FIGURE 3.12.2. Notice that even though the number of 
FIGURE 3.12.2 Pounds of salt in tanks in pounds x,(f) of salt in tank B starts initially at 0 lb it quickly increases and surpasses the 


Example 3 number of pounds x,(f) of salt in tank A. = 
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0 2.5 5 75. 10 125. 15 


(a) x1() 
x2 
O4Fo 
0.2 
0 t 
—0.2 
-0.45 


0 29 5 75 10 12.5 15 
(b) X(t) 


FIGURE 3.12.3 Displacements of the two 
masses in Example 4 


In our next example we solve system (1) under the assumption that k, = 6, k, = 4, m, = 1, 
and m, = 1. 


| EXAMPLE4 | A Special Case of System (1) 
Solve xi + 10x, —4x, = 0 
—4x, + x4 + 4x, = 0 


(13) 
subject to x,(0) = 0, x/(0) = 1, x,(0) = 0, x4(0) = —1. 
SOLUTION Using elimination on the equivalent form of the system 


(D? + 10)x, — 4x, = 0 
—4x, + (D? + 4x, = 0 


we find that x, and x, satisfy, respectively, 
(D? + 2)(D* + 12)x,=0 and (D*? + 2)(D? + 12)x =0. 


Thus we find 


x(t) = c, cos V2t + c, sin V2t + c, cos 2V3t + cy sin 2V3t 
x,(t) = c, cos V2t + cg sin V2t + c, cos 2V3t + cg sin 2V3t. 


Substituting both expressions into the first equation of (13) and simplifying eventually 


yields cs = 26), cg = 26s, ¢ 5C3, Cg = —4C4. Thus, a solution of (13) is 


x(t) = c, cos V2t + c, sin V2t + c, cos 2V3t + cy sin 2V3t 
x,(t) = 2c, cos V2t + 2c, sin V2t — 3c, cos 2V3t — 4c, sin 2V3t. 


The stipulated initial conditions then imply c, = 0, cp = — V2/10, c3 = 0,c4 = V3)5. 
And so the solution of the initial-value problem is 


x(t) = NB je, + MB sala 


2 a 
x(t) = Wi V2t — V3 in 2V5t 


The graphs of x, and x, in FIGURE 3.12.3 reveal the complicated oscillatory motion of 
each mass. = 


We will revisit Example 4 in Section 4.6, where we will solve the system in (13) by means of 


the Laplace transform. 


| 3.12 | Exercises Answers to selected odd-numbered problems begin on page ANS-8. 


In Problems 1—20, solve the given system of differential 


equations by systematic elimination. 


dx dx 
1.$—=2x-y 2.—_— = 
dt dt 
dy dy 
ees Wie ee 

dt dt 


pe a at ae 
"dt de 
dy dy 
4x + Ty “~  * oo 
2 _ = 
ouxdy 5. (D° + 5)x 2y =0 


—2x + (D? + 2)y =0 
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24. 


Projectile Motion with Air Resistance Determine a system 
of differential equations that describes the path of motion in 
Problem 23 if linear air resistance is a retarding force k (of 
magnitude k) acting tangent to the path of the projectile but 
opposite to its motion. See FIGURE 3.12.5. Solve the system. 
[Hint: k is a multiple of velocity, say, Bv.] 


FIGURE 3.12.5 Forces in Problem 24 
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6. (D+ 1)x+ (D-— l)y=2 
3x + (D+ 2)y=-1 
d°x d*x — dy 
7. =4y+e' 8 —-+—=-5 
dt* coe dt*> dt ° 
dy dx dy 
— = 4x-e! —+—=-x+4 
de a od ##* 
9, Dx + D’y = e* 
(D + Ix + (D — ly = 4e* 
10. D’x —Dy =t 
(D + 3)x + (D+ 3)y =2 
11. (D? -— 1)x-y=0 
(D — 1)x + Dy =0 
12, (2D? - D-1)x-(2D+ Dy=1 
(D — 1)x + Dy =-1 
d. d d d 
13. jm By a 4 = a, 
dt dt dt dt 
dx dy dx dx 
= = — = 5e’ =—{t tet y = 
dt dt . a? dt 
15. (D-Dx+(D?+ Dy=1 
(D? — 1)x + (D+ ljy =2 
16. Dx — 2(D? + D)y = sint 
x+ Dy =0 
17. Dx = y 18. Dx + z=e 
Dy =z (D — 1)x + Dy + Dz =0 
Dz=x x+2y +Dz=e' 
1, = 6 gi 
oer y a Kaz 
dy dy 
dt —=* dt oe 
dz dz 
dt oe dt ae 
In Problems 21 and 22, solve the given initial-value problem. 
$e: ly a, 1 
. = —5x - .—=y7 
dt - dt 
a 4 2 age) 
ao ge 


x(1) = 0,yQ) = 1 x(0) = 0, yO) = 0 
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23. 


Projectile Motion A projectile shot from a gun has weight 
w = mg and velocity v tangent to its path of motion or trajectory. 
Ignoring air resistance and all other forces acting on the projec- 
tile except its weight, determine a system of differential equations 
that describes its path of motion. See FIGURE 3.12.4. Solve the 
system. [Hint: Use Newton’s second law of motion in the x and 
y directions. ] 
y 


v 
aan 
x 


FIGURE 3.12.4 Path of projectile in Problem 23 
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25. 


26. 


21. 


Consider the solution x, (4) and x,(?) of the initial-value prob- 
lem given at the end of Example 3. Use a CAS to graph x,(f) 
and x,(f) in the same coordinate plane on the interval 
[0, 100]. In Example 3, x,(7) denotes the number of pounds 
of salt in tank A at time ¢, and x,(f) the number of pounds of 
salt in tank B at time ft. See Figure 2.9.1. Use a root-finding 
application to determine when tank B contains more salt than 
tank A. 
(a) Reread Problem 10 of Exercises 2.9. In that problem you 
were asked to show that the system of differential equations 


(b) 
(c) 


(a) 


(b) 


(c) 


dx, = 1 
dt 50°! 
dx 1 2 
ee 50° 
dx, 2 1 

= X59 = X3 


is amodel for the amounts of salt in the connected mixing 
tanks A, B, and C shown in Figure 2.9.7. Solve the system 
subject to x,(0) = 15, x.(0) = 10, x3(0) = 5S. 

Use a CAS to graph x,(), x2(4), and x;(¢) in the same 
coordinate plane on the interval [0, 200]. 

Since only pure water is pumped into tank A, it stands to 
reason that the salt will eventually be flushed out of all 
three tanks. Use a root-finding application of a CAS to 
determine the time when the amount of salt in each tank 
is less than or equal to 0.5 pounds. When will the amounts 
of salt x,(4), x.(f), and x3(f) be simultaneously less than 
or equal to 0.5 pounds? 

Use systematic elimination to solve the system (1) for the 
coupled spring/mass system when k, = 4, ky = 2, m, = 2, 
and m, = | and with initial conditions x,(0) = 2,.x;(0) = 1, 
x,(0) = —1, x3(0) = 1. 

Use a CAS to plot the graphs of x,(¢) and x(t) in the 
tx-plane. What is the fundamental difference in the mo- 
tions of the masses m, and mz, in this problem and that of 
the masses illustrated in Figure 3.12.3? 

As parametric equations, plot x,(¢) and x,(f) in the 
X\X>-plane. The curve defined by these parametric equa- 
tions is called a Lissajous curve. 
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17. 
18. 
19. 
20. 
21. 
22. 
23. 


Answer Problems 1 —8 without referring back to the text. Fill in 
the blank or answer true/false. 


1. The only solution of the initial-value problem y” + x’y = 0, 
yO) = 0,9'0) = 0i5____ 

2. For the method of undetermined coefficients, the assumed 
form of the particular solution y, for y" — y = 1 + e*is 

3. A constant multiple of a solution of a linear differential equa- 
tion is also a solution. 

4. Iff, and f, are linearly independent functions on an interval /, 
then their Wronskian W(f,, f:) # 0 for all x in I. 

5. Ifa 10-pound weight stretches a spring 2.5 feet, a 32-pound 
weight will stretch it feet. 

6. The period of simple harmonic motion of an 8-pound weight 
attached to a spring whose constant is 6.25 Ib/ftis_ 
seconds. 

7. The differential equation describing the motion of a mass 
attached to a spring is x” + 16x = 0. If the mass is released at 
t = 0 from | meter above the equilibrium position with a 
downward velocity of 3 m/s, the amplitude of vibrations is 

meters. 

8. If simple harmonic motion is described by x(t) = 
(2/2) sin (2t + #), the phase angle ¢ is when 
x(0) = —} and x’(0) = 1. 

9. Give an interval over which f\(x) = x’ and Sa(x) = x xl are 
linearly independent. Then give an interval on which f; and f, 
are linearly dependent. 

10. Without the aid of the Wronskian determine whether the given 
set of functions is linearly independent or linearly dependent 
on the indicated interval. 

(a) f\(@x) = Inx, f@) = In, (0,00) 

(b) fi) =x, A) =x", n= 1,2, ..., (—20, ©) 

(c) fi@) =x, fh@) =x + 1, (—0, 0%) 

(d) fix) = cos (x + w/2), fo(x) = sin x, (—%, 0) 

(e) fi@) = 0, f(x) = x, (—5, 5) 

(f) fi) = 2, fox) = 2x, (—%, 0) 

(g) Ai@) =x, fA) = 1-2, fa) =2 +2, (—2, 0) 
(h) f\(x) = xe", fa) = (4x — Se, fala) = xe", (—2, 0) 

11. Suppose m, = 3, m, = —5, and m; = | are roots of multiplic- 
ity one, two, and three, respectively, of an auxiliary equation. 
Write down the general solution of the corresponding homo- 
geneous linear DE if it is 
(a) an equation with constant coefficients, 

(b) a Cauchy—Euler equation. 

12. FindaCauchy—Euler differential equationax’y’ + bxy' + cy = 0, 
where a, b, and c are real constants, if it is known that 
(a) m, = 3 and m, = —1 are roots of its auxiliary equation, 
(b) m, = iis a complex root of its auxiliary equation. 


In Problems 13—28, use the procedures developed in this chap- 
ter to find the general solution of each differential equation. 

13. y’ — 2y’ — 2y=0 

14. 2y” + 2y' + 3y =0 

15. y” + 10y” + 25y’ = 0 

16. 2y"” + Oy” + 12y’ + Sy =0 


24. 


25. 
26. 
21. 
28. 
29. 


30. 


31. 


32. 


3y" + 10y" + 15y’ + 4y = 0 
Ly + 3y" + 2y" + by’ — 4y =0 
y" — 3y' + Sy = 4 — 2x 

y" _ 2y’ + y = xe" 

y” — 5y" + 6y’ = 8 + 2 sinx 


y" _ y" =6 

y" — 2y’ + 2y = e* tanx 
; — 2e* 

YI 


6x’y" + 5xy' - y=0 

2xry" + 19x*y"” + 39xy’ + Vy = 0 

xy" — 4xy’ + 6y = 2x4 +77 

xy" — xy’ +y=x 

Write down the form of the general solution y = y, + y, of 

the given differential equation in the two cases w # a and 

w = a. Do not determine the coefficients in y,,. 

(a) y’+o@’y=sinax (b) y’-—w’y=e* 

(a) Given that y = sin x is a solution of y? + 2y” + lly’ + 
2y’ + 10y = 0, find the general solution of the DE with- 
out the aid of a calculator or a computer. 

(b) Find a linear second-order differential equation with con- 
stant coefficients for which y, = 1 and y, = e “are solutions 
of the associated homogeneous equation and y, = 5 — x 
is a particular solution of the nonhomogeneous equation. 

(a) Write the general solution of the fourth-order DE 
y® — 2y" + y = Oentirely in terms of hyperbolic functions. 

(b) Write down the form of a particular solution of 
y — dy" + y = sinh x. 

Consider the differential equation x?y"” — (x? + 2x)y’ + 

(x + 2)y = x°. Verify that y, = x is one solution of the as- 

sociated homogeneous equation. Then show that the 

method of reduction of order discussed in Section 3.2 

leads both to a second solution y, of the homogeneous 

equation and to a particular solution y, of the nonhomo- 
geneous equation. Form the general solution of the DE 
on the interval (0, ©). 


In Problems 33—38, solve the given differential equation subject 
to the indicated conditions. 


33. 
34. 
35. 
36. 
37. 
38. 
39. 


y" — 2y’ + 2y = 0, y(a/2) = 0, yar) = —1 

yr 2y + y= 0, 71) =9, 770) =0 

y’-y=xtsinx, y(0) =2, y’(0) =3 

y' +y = sec’x, yO) = 1, yO) =2 

yy" = 4x, y1) =5, y'(1) =2 

2y” = 3y*, yO) = 1, y'(0) = 1 

(a) Use a CAS as an aid in finding the roots of the auxiliary 
equation for 12y + 64y” + 59y” — 23y’ — 12y = 0. 
Give the general solution of the equation. 

(b) Solve the DE in part (a) subject to the initial conditions 
y(O) = —1, y’(0) = 2, y"(0) = 5, y'"(0) = 0. Use a CAS 
as an aid in solving the resulting systems of four equations 
in four unknowns. 
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40. Find a member of the family of solutions of 
xy" +y' + Vx =0 
whose graph is tangent to the x-axis at x = 1. Use a graphing 


utility to obtain the solution curve. 


In Problems 41—44, use systematic elimination to solve the 
given system of differential equations. 


dx — dy dx 


M4. — + —=2x4+ 2y+1 42. —=2x+y+t-2 
dt dt dt 
ar ere Da etehyd 
dt “dt > go 
43. (D-—2)x -y=—eé 


—3x + (D — 4)y = -Te’ 

44. (D+ 2)x + (D + 1)y = sin 2t 

5x + (D + 3)y = cos 2t 

45. A free undamped spring/mass system oscillates with a period 
of 3 s. When 8 lb is removed from the spring, the system then 
has a period of 2 s. What was the weight of the original mass 
on the spring? 

46. A 12-pound weight stretches a spring 2 feet. The weight is 
released from a point | foot below the equilibrium position 
with an upward velocity of 4 ft/s. 

(a) Find the equation describing the resulting simple harmonic 
motion. 

(b) What are the amplitude, period, and frequency of motion? 

(c) At what times does the weight return to the point | foot 
below the equilibrium position? 

(d) At what times does the weight pass through the equilib- 
rium position moving upward? Moving downward? 

(e) What is the velocity of the weight at t = 377/16 s? 

(f) At what times is the velocity zero? 

47. A spring with constant k = 2 is suspended in a liquid that 
offers a damping force numerically equal to four times the 
instantaneous velocity. If a mass m is suspended from the 
spring, determine the values of m for which the subsequent 
free motion is nonoscillatory. 

48. A32-pound weight stretches a spring 6 inches. The weight moves 
through a medium offering a damping force numerically equal 
to B times the instantaneous velocity. Determine the values of 
B for which the system will exhibit oscillatory motion. 

49. A series circuit contains an inductance of L = | h, a capaci- 
tance of C = 10°* f, and an electromotive force of E(t) = 
100 sin 50r V. Initially the charge g and current i are zero. 
(a) Find the equation for the charge at time f. 

(b) Find the equation for the current at time ¢. 
(c) Find the times for which the charge on the capacitor 
is zero. 

50. Show that the current i(f) in an LRC-series circuit satisfies the 
differential equation 


j 1 
L—+R—+ i= E'(, 
dt* a Cc 


where E’(t) denotes the derivative of E(t). 
51. Consider the boundary-value problem 


y"+aAy=0, y0)=y2m), yO) =y'(27). 
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52. 


53. 


Show that except for the case A = 0, there are two independent 
eigenfunctions corresponding to each eigenvalue. 


SlidingBead A bead is constrained to slide along a friction- 
less rod of length L. The rod is rotating in a vertical plane 
with a constant angular velocity w about a pivot P fixed at 
the midpoint of the rod, but the design of the pivot allows 
the bead to move along the entire length of the rod. Let r(t) 
denote the position of the bead relative to this rotating co- 
ordinate system, as shown in FIGURE 3.R.1. In order to apply 
Newton’s second law of motion to this rotating frame of 
reference it is necessary to use the fact that the net force 
acting on the bead is the sum of the real forces (in this case, 
the force due to gravity) and the inertial forces (coriolis, 
transverse, and centrifugal). The mathematics is a little 
complicated, so we give just the resulting differential equa- 
tion for r, 


d’r 2 : 
m ee = mw r — mg sin(@t). 


wa 


(a) Solve the foregoing DE subject to the initial conditions 

r(O) = ro, r'(O) = Vo. 

(b) Determine initial conditions for which the bead exhibits 
simple harmonic motion. What is the minimum length L 
of the rod for which it can accommodate simple harmonic 


motion of the bead? 


(c) For initial conditions other than those obtained in part 
(b), the bead must eventually fly off the rod. Explain us- 
ing the solution r(f) in part (a). 

(d 


wa 


Suppose w = | rad/s. Use a graphing utility to plot the 
graph of the solution r(t) for the initial conditions 
r(O) = 0, r'(O) = vo, where vo is 0, 10, 15, 16, 16.1, 
and 17. 


(e 


a 


Suppose the length of the rod is L = 40 ft. For each 
pair of initial conditions in part (d), use a root-finding 
application to find the total time that the bead stays on 
the rod. 


FIGURE 3.R.1 Rotating rod in Problem 52 


Suppose a mass m lying on a flat, dry, frictionless surface is 
attached to the free end of a spring whose constant is k. In 
FIGURE 3.R.2(a) the mass is shown at the equilibrium position 
x = 0; that is, the spring is neither stretched nor compressed. 
As shown in Figure 3.R.2(b), the displacement x(t) of the mass 


to the right of the equilibrium position is positive and negative 
to the left. Derive a differential equation for the free horizon- 
tal (sliding) motion of the mass. Discuss the difference be- 
tween the derivation of this DE and the analysis leading to (1) 
of Section 3.8. 


rigid 
support 


(a) Equilibrium 


< x(t) <0 x(t) >0 > 
(b) Motion 


FIGURE 3.R.2 Sliding spring/mass system in Problem 53 


54. What is the differential equation of motion in Problem 53 if 
kinetic friction (but no other damping forces) acts on the slid- 
ing mass? [Hint: Assume that the magnitude of the force of 
kinetic friction is f, = umg, where mg is the weight of the 
mass and the constant y > 0 is the coefficient of kinetic fric- 
tion. Then consider two cases: x’ > 0 and x’ < 0. Interpret 
these cases physically. ] 


In Problems 55 and 56, use a Green’s function to solve the given 

initial-value problem. 

55. y” + y =tanx, y(0) = 2,y’(0) = —-5 

56. xy” — 3xy + 4y = Inx, y(1) =0,y’(1) = 0 

57. Ballistic Pendulum Historically, in order to maintain quality 
control over munitions (bullets) produced by an assembly 
line, the manufacturer would use a ballistic pendulum to 
determine the muzzle velocity of a gun, that is, the speed of 
a bullet as it leaves the barrel. The ballistic pendulum, in- 
vented in 1742 by the British mathematician and military 
engineer Benjamin Robins (1707-1751), is simply a plane 
pendulum consisting of a rod of negligible mass to which a 
block of wood of mass m,, is attached. The system is set in 
motion by the impact of a bullet that is moving horizontally 
at the unknown muzzle velocity v,; at the time of the impact, 
t = 0, the combined mass is m,, + m,, where m, is the mass 
of the bullet embedded in the wood. We have seen in (7) of 
Section 3.10 that in the case of small oscillations, the angu- 
lar displacement 0(f) of a plane pendulum shown in Figure 
3.11.3 is given by the linear DE 6” + (g/l)6 = 0, where 
0 > 0 corresponds to motion to the right of vertical. The 
velocity v, can be found by measuring the height h of the 
mass m,, + m, at the maximum displacement angle 0 
shown in FIGURE 3.R.3. 

Intuitively, the horizontal velocity V of the combined mass 

m,, + m, after impact is only a fraction of the velocity v, 


max 


58. 


59. 


60. 


Mp 


of the bullet, thatis, V = ( ou Now recall, a dis- 


my, + Mp, 
tance s traveled by a particle moving along a circular path 
is related to the radius / and central angle 0 by the formula 
s = 10. By differentiating the last formula with respect to 
time f¢, it follows that the angular velocity w of the mass 
and its linear velocity v are related by v = Jw. Thus the 
initial angular velocity wy at the time f at which the bullet 
impacts the wood block is related to V by V = lwp or 


( M) ) Vp 
@) = | ——— ]—. 
, m, + m,/ 1 


(a) Solve the initial-value problem 


dog ; 
ee + 79 = 0, 0@(0) = 0, 0'(0) = a. 


(b) Use the result from part (a) to show that 


m, +m 
Vp = (Vig ae 


b 


(c) Use Figure 3.R.3 to express cos6,,,, in terms of / and h. 
Then use the first two terms of the Maclaurin series for 
cos@ to express 6,,,, in terms of / and h. Finally, show 
that v, is given (approximately) by 


m, + Mm, 
Va = ("=") V 2gh. 


b 


Td — 
Yb Vv 


FIGURE 3.R.3 Ballistic pendulum in Problem 57 


Use the result in Problem 57 to find the muzzle velocity v, 
when m, = 5g, m, = lkg, andh = 6 cm. 

Use a Maclaurin series to show that a power series solution 
of the initial-value problem 


ao og. Tv, 
eo OO) =e a 
is given by 
V3¢7 
of) = = - 52 Bf ae oa, 


ti + 
6 64! 961° 


[Hint: See Example 3 in Section 3.7.] 
Spring Pendulum The rotational form of Newton’s second 
law of motion is: 


The time rate of change of angular momentum about a 
point is equal to the moment of the resultant force (torque). 
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In the absence of damping or other external forces, an analogue 
of (14) in Section 3.11 for the pendulum shown in Figure 
3.11.3 is then 


“(me #) = —me)l sin 0. (1) 


(a) When m and / are constant show that (1) reduces to (6) 
of Section 3.11. 

(b) Now suppose the rod in Figure 3.11.3 is replaced with 
a spring of negligible mass. When a mass m is attached 
to its free end the spring hangs in the vertical equilib- 
rium position shown in FIGURE 3.R.4 and has length Jp. 
When the spring pendulum is set in motion we assume 
that the motion takes place in a vertical plane and the 
spring is stiff enough not to bend. For t > 0 the length 
of the spring is then /(t) = J) + x(4), where x is the 
displacement from the equilibrium position. Find the 
differential equation for the displacement angle 0(f) 
defined by (1). 


equilibrium 
position 


FIGURE 3.R.4 Spring pendulum in Problem 60 


Contributed Problems 


Jeff Dodd, Professor 
Department of Mathematical Sciences 
Jacksonville State University 


61. The ParisGuns The first mathematically correct theory 


of projectile motion was originally formulated by Galileo 
Galilei (1564-1642), then clarified and extended by his 
younger collaborators Bonaventura Cavalieri (1598-1647) 
and Evangelista Torricelli (1608-1647). Galileo’s theory 
was based on two simple hypotheses suggested by ex- 
perimental observations: that a projectile moves with 
constant horizontal velocity and with constant downward 
vertical acceleration. Galileo, Cavalieri, and Torricelli did 
not have calculus at their disposal, so their arguments 
were largely geometric, but we can reproduce their results 
using a system of differential equations. Suppose that a 
projectile is launched from ground level at an angle 6 with 
respect to the horizontal and with an initial velocity of 
magnitude || vo|| = vo m/s. Let the projectile’s height above 
the ground be y meters and its horizontal distance from 
the launch site be x meters, and for convenience take the 
launch site to be the origin in the xy-plane. Then Galileo’s 
hypotheses can be represented by the following initial- 
value problem: 
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62. 


ax 
dt? 
d’y 
de 


(2) 
= ~g, 


where g = 9.8 m/s’, x(0) = 0, y(0) = 0, x'(0) = vocos 6 (the 
x-component of the initial velocity), and y’(0) = vo sin 0 (the 
y-component of the initial velocity). See FIGURE 3.R.5 and 
Problem 23 in Exercises 3.12. 
(a) Note that the system of equations in (2) is decoupled; that 
is, it consists of separate differential equations for x(f) 
and y(t). Moreover, each of these differential equations 
can be solved simply by antidifferentiating twice. Solve 
(2) to obtain explicit formulas for x(t) and y(t) in terms 
of vp and @. Then algebraically eliminate ¢ to show that 
the trajectory of the projectile in the xy-plane is a 
parabola. 
A central question throughout the history of ballistics 
has been this: Given a gun that fires a projectile with 
a certain initial speed vo, at what angle with respect 
to the horizontal should the gun be fired to maximize 
its range? The range is the horizontal distance tra- 
versed by a projectile before it hits the ground. Show 
that according to (2), the range of the projectile is 
(v}/g) sin 20, so that a maximum range v9/g is achieved 
for the launch angle 6 = 7/4 = 45’. 
(c) Show that the maximum height attained by the projec- 
tile if launched with 0 = 45° for maximum range is 


vol(4g). 


(b 


wa 


(vg sin 8) j 


(vocos 8) i 


FIGURE 3.R.5 Ballistic projectile in Problem 61 


The Paris Guns—Continued Mathematically, Galileo’s 
model in Problem 61 is perfect. But in practice it is only as 
accurate as the hypotheses upon which it is based. The motion 
of a real projectile is resisted to some extent by the air, and 
the stronger this effect, the less realistic are the hypotheses of 
constant horizontal velocity and constant vertical acceleration, 
as well as the resulting independence of the projectile’s motion 
in the x and y directions. 

The first successful model of air resistance was formulated 
by the Dutch scientist Christiaan Huygens (1629-1695) 
and Isaac Newton (1643-1727). It was based not so much 
on a detailed mathematical formulation of the underlying 
physics involved, which was beyond what anyone could man- 
age at the time, but on physical intuition and groundbreaking 
experimental work. Newton’s version, which is known to 
this day as Newton’s law of air resistance, states that the 


resisting force or drag force on an object moving through a 
resisting medium acts in the direction opposite to the direc- 
tion of the object’s motion with a magnitude proportional to 
the density p of the medium, the cross sectional area A of 
the object taken perpendicular to the direction of motion, 
and the square of the speed ||v|| of the object. In modern 
vector notation, the drag force is a vector fp given in terms 
of the velocity v of the object: 


1 > Vv 1 
= —=CpAllv|P— = -=CpAlv| v, 
So 2 p. Ilv|| || v|| 9 p: Ilv|| Vv 


where in the coordinate system of Problem 61 the velocity is 
the vector v = (dx/dt, dy/dt). When the force of gravity and 
this drag force are combined according to Newton’s second 
law of motion we get: 


(S d’y 
dt?’ dt? 


) = (0, mg) + fp. 


The initial-value problem (2) is then modified to read: 
d°x 1 (2) (2) dx 
—~ = —7CpA + 
"de ue L dt dt] | dt 
d’y 1 (2) (2) dy 
— ==> — xCpA ai 
rr a Saas dt dt) | dt 


where x(0) = 0, y(O) = 0, x'(0) = vacos 6, y’(0) = vo sin 0. 


(3) 


Huygens seemed to believe that the proportionality of 
drag force to the square of the speed was universal, but 
Newton suspected that multiple different physical effects 
contributed to drag force, not all of which behaved that 
way. He turned out to be correct. For example, when the 
speed of an object is low enough compared to the viscos- 
ity (internal resistance to flow) of the medium, drag force 
ends up being approximately proportional to its speed (not 
the square of its speed), a relationship known as Stokes’ 
law of air resistance. Even today, there is no quick recipe 
for predicting the drag force for all objects under all con- 
ditions. The modeling of air resistance is complicated and 
is done in practice by a combination of theoretical and 
empirical methods. The coefficient C in (3) is called the 
drag coefficient. It is dimensionless (that is, it is the same 
no matter what units are used to measure mass, distance, 
and time) and it can usually be regarded as depending only 
on the shape of a projectile and not on its size. The drag 
coefficient is such a convenient index for measuring how 
much air resistance is felt by a projectile of a given shape 
that it is now defined in terms of the drag force to be 
2\[foll/(pAl|v||?) even when this ratio cannot be regarded as 
constant. For example, under Stokes’ law of air resistance, 
C would be proportional to the reciprocal of the speed. Of 
greater concern to us is the fact that the drag coefficient 


of a projectile in air increases sharply as its speed ap- 
proaches the speed of sound (approximately 340 m/s in 
air), then decreases gradually for even higher speeds, be- 
coming nearly constant again for speeds several times the 
speed of sound. This was first discovered by the military 
engineer Benjamin Robins (see Problem 57), whose book 
Principles of Gunnery is generally regarded as inaugurat- 
ing the modern age of artillery and of the science of bal- 
listics in general. As guns were used to shoot projectiles 
further and further with greater and greater initial speeds 
throughout the eighteenth and nineteenth centuries, the 
dependence of the drag coefficient on speed took on greater 
and greater practical importance. Moreover, as these pro- 
jectiles went higher and higher, the fact that the density of 
the air decreases with increasing altitude also became im- 
portant. By World War I, the density of the air as a function 
of altitude y above sea level in meters was commonly mod- 
eled by the function: 


p(y) = 1.225267 OMY pain? 


and military engineers were accustomed to incorporating into 
(3) the dependence of C on velocity and of p on y. But one 
last major surprise was stumbled upon by German engineers 
during World War I. Our version of this story is based on the 
book Paris Kanonen—the Paris Guns (Wilhelmgeschiitze) and 
Project HARP by Gerald V. Bull (Verlag E. S. Mittler & Sohn 
GmbH, Herford, 1988). 

In the fall of 1914, the German Navy charged the Friedrich 
Krupp engineering firm with designing a system (gun and 
shells) capable of bombing the English port of Dover from 
the French coast. This would require firing a shell approx- 
imately 37 kilometers, a range some 16 kilometers greater 
than had ever been achieved before. Krupp was ready for 
this challenge because it had already succeeded in design- 
ing and building shells with innovative shapes that had 
lower drag coefficients than any prewar shells. The drag 
coefficient for one of these shells can be well approximated 
by the following piecewise linear function, where the speed 
v is in m/s: 


0.2, 0<v< 306 

cw) 0.2 + (v — 306)/340, 306 =v < 374, 
y= 

0.4 — (v — 374)/3230, 374 =v < 1020 


0.2, v > 1020. 


In addition, Krupp’s engineers already had built an ex- 
perimental gun having a 35.5 cm diameter barrel that could 
fire 535 kg shells with an initial speed of 940 m/s. They 
calculated that if they built one of their new low-drag shells 
with that diameter and mass and used this gun to launch it 
at a 43° angle to the horizontal, the shell should have a 
range of about 39 km. The shell was built, and a test firing 
was conducted on October 21, 1914. For the results, we 
quote a first-hand account by Professor Fritz Rausenberger, 
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managing director of the Krupp firm at the time (from pages 
24-25 in Bull’s book): 


“After the firing of the first shot, with a top zone propel- 
ling charge and at 43° elevation, we all waited with 
anxiety for the spotting report to be telephoned back to 
us giving the location of the inert shell impact. The 
anxiety was that normally associated when trying to 
reach a range never before achieved. But the spotter’s 
report on impact never came. None of the observers 
located along the full length of the range had observed 
impact .... 

Since no observation posts had been established 
beyond the 40 km mark, any impact outside of the 
area would have to be located and reported by local 
inhabitants using normal telephone communication 
between the neighbouring farms and villages. Thus 
it took several hours before the range staff received 
notification that the shell had impacted in a garden 
(without causing damage) some 49 km down-range 
from the battery. This was an unexpectedly favorable 
result but raised the question of how the range in- 
crease of 25% over that predicted using standard 
exterior ballistic techniques occurred .... After care- 
ful study of the method of calculating range, it was 
clear that in the computations an average, constant 
air density was used which was larger than the aver- 
age along the trajectory. The method of calculating 
trajectory was therefore changed to allow for varia- 
tion of density along the trajectory. This was done by 
dividing the atmosphere into 3 km bands from the 
Earth’s surface upwards. For each band an average 
air density value was determined and applied over 
that portion of the trajectory falling in this band. This 
step-by-step calculation technique was carried out 
from the muzzle until impact. The resultant calculated 
trajectory, using the drag coefficient as determined 
from small calibre firings, matched closely the ex- 
perimental results from the 2\st of October Meppen 


firing.” 


Note that Rausenberger does not tell us what “average, 
constant” air density was used in the faulty calculation, or 
how it was determined. Actually, there is a logical problem 
here in that it is not possible to know how low the air den- 
sity will become along the path of a trajectory without 
already knowing how high the trajectory will go. 
Nevertheless the engineers were confident of their calcula- 
tions, so it seems likely that they did not regard the air 
density as a critical parameter when their concern was only 
to find an approximate range. (After all, they had never 
shot anything so high before.) 
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(a) Use acomputer algebra system to write a routine that can 
numerically solve (3) with the piecewise defined C and 
exponentially decaying p given above and graph the re- 
sulting trajectory in the xy-plane. (You may need to 
rewrite (3) as a first-order system. See Section 6.4.) The 
area A is that of a circle with the diameter of the shell. 
Test your routine on the case p = 0, which was solved 
analytically in Problem 61. 

(b) Suppose that, as Krupp engineers, we use the results of 
part (c) in Problem 61 to calculate the maximum height 
M that would have been attained by the test shell had it 
been launched in a vacuum (p = 0), then figure that the 
real test shell might reach about half that height, and 
finally settle on a “constant, average” value for p of 
(e(M/2) + p(0))/2. Plot the resulting trajectory, and show 
that the resulting range is uncannily close to that 
predicted by the Krupp engineers for the October 14, 
1914, test. 

(c) Note that the launch angle for this test was not the 45° 
angle that yields maximum range in a vacuum, but a 
smaller 43° angle. Does this smaller launch angle lead 
to greater range under the constant air density assump- 
tion that you used in part (b)? To the nearest degree, 
what launch angle yields maximum range according to 
this model? 

(d) Now plot the trajectory of the test shell using the proper 
exponentially decaying p. What happens? (In evaluat- 
ing the results, it should make you feel better that we 
are not pretending to take everything into account in 
this model. For example, a missile moving at an angle 
relative to its axis of symmetry can experience a sub- 
stantial lift force of the same sort that makes airplanes 
fly. Our model does not account for the possibility of 
lift, the curvature and rotation of the Earth, or numer- 
ous other effects.) 


Rausenberger notes that once his engineers realized how 
important the exponentially decaying p was in calculating 
range, they did a series of calculations and found that the 
maximum range for their test would actually have been 
achieved with a launch angle of 50° to 55°. In hindsight, they 
realized that this was because a larger launch angle would 
result in the shell traveling higher and therefore in less 
dense air. 

(e) Check this by plotting the trajectory of the test shell with 
exponentially decaying p every two degrees from 43° to 
55°. What do you find? 


After these surprising results, engineers at Krupp became 
interested in the challenge of attaining even larger ranges. 
The only way they could think of to talk the German High 
Command into committing to the trouble and expense of 
pursuing this goal was to sell them on the possibility of 


bombing Paris from behind the German front line, which 
would require a range of some 120 km. The German High 
Command quickly approved this idea, and after several 
years of work Krupp produced what are now known as the 
Paris Guns. These guns were designed to launch a 106 kg 
shell having a diameter of 216 mm with an initial velocity 
of 1646 m/s. At a 50° launch angle, such a shell was pre- 
dicted to travel over 120 km. 


© Imperial War Museum/Robert Hunt Library/Mary Evans Picture Library 
A Paris Gun and shells 


(f) Simulate the trajectory of a shell from a Paris Gun using 
(2) with exponentially decaying p. Evaluate the results 
keeping in mind the caveats about our modeling noted in 
part (d). How high does the shell go? Now change the 
launch angle from 50° to 45°. What happens? 


Seven Paris Guns were built, but only three were used. 
They fired a total of 351 shells towards Paris between March 
23 and August 9 of 1918. The damage and casualties that 
they caused were not tactically significant. They were never 
intended to be so; there was no control over where the shells 
would fall in Paris, and the amount of explosive carried by 
each shell was quite small. Instead, they were intended as a 
form of intimidation, a “scare tactic.” However, military 
historians agree that they were not effective in that sense 
either. Their significance turned out to be more scientific 
than military. The shells that they launched were the first 
man-made objects to reach the stratosphere, initiating the 
space age in the science of ballistics. 
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CHAPTER 


In the linear mathematical 
models for a physical system such 
as a spring/mass system or a 
series electrical circuit, the input 
or driving function represents 
either an external force f(t) or an 
impressed voltage F(t). In 
Section 3.8 we considered 
problems in which f and E were 
continuous. However, 
discontinuous driving functions 
are not uncommon. Although we 
have solved piecewise-linear 
differential equations using the 
techniques of Chapters 2 and 3, 
the Laplace transform discussed 
in this chapter is an especially 
valuable tool that simplifies the 
solution of such equations. 


The Laplace Transform 
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We will assume throughout 
that s is a real variable. 


> 


4. Definition of the Laplace Transform 


INTRODUCTION Inelementary calculus you learned that differentiation and integration are 
transforms—this means, roughly speaking, that these operations transform a function into another 
function. For example, the function f(x) = x° is transformed, in turn, into a linear function, a 
family of cubic polynomial functions, and a constant by the operations of differentiation, 
indefinite integration, and definite integration: 


d 1 : 
— x? = 2x, [Pantie te | ear=9 
dx 3 0 


Moreover, these two transforms possess the linearity property; this means the transform 
of a linear combination of functions is a linear combination of the transforms. For a and B 
constants, 


d 
re Laf(x) + Bg@)] = af’) + Baa) 


[Laren + Bg(x)] dx = al fe) dx + p| ae dx 


b b b 
and | Laf(x) + Bg(x)] dx a f(x) dx + p| g(x) dx 


provided each derivative and integral exists. In this section we will examine a special type of 
integral transform called the Laplace transform. In addition to possessing the linearity property, 
the Laplace transform has many other interesting properties that make it very useful in solving 
linear initial-value problems. 

If f(x, y) is a function of two variables, then a partial definite integral of f with respect to 
one of the variables leads to a function of the other variable. For example, by holding y con- 
stant we see that fj 2xy* dx = 3y’. Similarly, a definite integral such as J? K(s, t) f(t) dt 
transforms a function f(f) into a function of the variable s. We are particularly interested in 
integral transforms of this last kind, where the interval of integration is the unbounded 
interval [0, oo). 


I| Basic Definition If f(A is defined for ¢ = 0, then the improper integral [> K(s, 1) f(t) dt 
is defined as a limit: 


b 


| K(s, f(0 dt = lim | K(s, t)f(t) dt. (1) 
0 —> 00 


0 


If the limit exists, the integral is said to exist or to be convergent; if the limit does not exist, the 
integral does not exist and is said to be divergent. The foregoing limit will, in general, exist for 
only certain values of the variable s. The choice K(s, t) = e ” gives us an especially important 
integral transform. 


Definition 4.1.1 Laplace Transform 


Let fbe a function defined for t = 0. Then the integral 


foe) 


L{f(O} = | e “f(t)dt (2) 


0 


is said to be the Laplace transform of f, provided the integral converges. 
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The Laplace transform most likely was invented by Leonhard Euler, but is named after the 
famous French astronomer and mathematician Pierre-Simon Marquis de Laplace (1749-1827) 
who used the transform in his investigations of probability theory. 

When the defining integral (2) converges, the result is a function of s. In general discussion, if 
we use a lowercase (uppercase) letter to denote the function being transformed, then the correspond- 
ing uppercase (lowercase) letter will be used to denote its Laplace transform, for example, 


L(f(O} = F(s), L{gO} = G(s), L{yO}= Ws), and L{HO} = h(s). 


| EXAMPLE1 | Using Definition 4.1.1 


Evaluate £{1}. 
SOLUTION From (2), 


co b 
Pity -| e-"(1) dt = im | edt 
0 


0 —>-0o 


be +1 1 
= lim 
0 boo S S 


—sb 


provided s > 0. In other words, when s > 0, the exponent —sb is negative and e *” > 0 as 


b— oo. The integral diverges for s < 0. = 


The use of the limit sign becomes somewhat tedious, so we shall adopt the notation |j° as a 
shorthand to writing lim, ,..() ie For example, 


od __ 4 St Joo 1 


Pil} = | e-“(1)dt = ~ == s>0. 


0 0 


—st 


At the upper limit, it is understood we mean e “— 0 as t— oo fors > 0. 


| EXAMPLE2 | Using Definition 4.1.1 


Evaluate £ {rt}. 


SOLUTION From Definition 4.1.1, we have £{t} = fz et dt. Integrating by parts and 
using lim,_,,, te“ = 0, s > 0, along with the result from Example 1, we obtain 


‘aaa! (a 1 i | 1 
+2 edt = — P{I} = ( )- >. 
0 S Jo AY S\S LY 


| EXAMPLE3 | Using Definition 4.1.1 


Evaluate (a) £{e*} (b) L{e%}. 
SOLUTION Ineach case we use Definition 4.1.1. 


—st 


=e 


Lit} = 


S 


foe) 


(a) Lf{e34 -| e “edt -| e 8 at 
0 0 
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The last result is valid for s > —3 because in order to have lim,,.,e “**” = 0 we must require 


thats +3 >Oors > —3. 


(b) L{e™} -| e"e "dt -| e 8 dt 
0 0 
—e 8 Ot co 
s—6 
1 
s-6 


0 


In contrast to part (a), this result is valid for s > 6 because lim,,,, e “~ °’ = 0 demands 
s—6>0Oors>6. = 


| EXAMPLE4 | Using Definition 4.1.1 
Evaluate £ {sin 2r}. 
SOLUTION From Definition 4.1.1 and integration by parts we have 


[oe] 


—e “sin 2t 


[oe] 2 co 
L{sin 2t} = | e “sin 2t dt = + =| e “cos 2t dt 
0 0 


0 


2 -s 
=-—| e “cos2tdt, s>0O 
SJo 


lim e “cos 2t = 0,5 > 0 Laplace transform of sin 2t 
t=00 
1 1 
Dae eee oe PS as 
= = e “sin 2tdt 
s 0 S Jo 
2 4 
= a7 Fae Sin 2th. 
RY Ss 


At this point we have an equation with ¥ {sin 2t} on both sides of the equality. Solving for 
that quantity yields the result 


2 
L{sin 2t} = ~=— > 0. 
{sin 2t} 24a s>0 


I] £ 1s aLinear Transform Fora sum of functions, we can write 


[ove] ee) 


e “f(t) dt + p| e “g(t) dt 


0 


| e “La f(t) + Bg(d)] dt = «| 
0 


0 


whenever both integrals converge for s > c. Hence it follows that 
L{af + BgO} =aL{fO} + BL{g(O} = aF(s) + BGs). (3) 


Because of the property given in (3), & is said to be a linear transform. Furthermore, by the 
properties of the definite integral, the transform of any finite linear combination of functions f,(), 
fo), ..-,f,(f) is the sum of the transforms provided each transform exists on some common 
interval on the s-axis. 


| EXAMPLES | Linearity of the Laplace Transform 


In this example we use the results of the preceding examples to illustrate the linearity of the 
Laplace transform. 


(a) From Examples | and 2 we know that both £{1} and & {rt} exist on the interval defined 
by s > 0. Hence, for s > 0 we can write 
5 


2 


LLL + Sth = LL} + SLE = . + 
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FAC) 


FIGURE 4.1.1 Piecewise-continuous 
function 


fO Me“ (c > 0) 


SO 


FIGURE 4.1.2 Function fis of exponential 
order 


A more extensive list of > 
transforms is given in 
Appendix III. 


nits) 


uO) 


2 cos t 


(c) 


FIGURE 4.1.3 Functions with blue graphs 
are of exponential order 


(b) From Example 3 we saw that £{e%} exists on the interval defined by s > 6, and in 
Example 4 we saw that & {sin 2r} exists on the interval defined by s > 0. Thus both transforms 
exist for the common values of s defined by s > 6, and we can write 


2 15 
F{2e% — 15sin2z} = 2 L{e™} — 15 L{sin2A = a aa 


(c) From Examples 1, 2, and 3 we have for s > 0, 


L{10e-* — 5¢ + 8} = 10 L{e-*} — 5L{ 4} + 8L{1} 


_ 10 5 8 
Soa s? s 


We state the generalization of some of the preceding examples by means of the next theo- 
rem. From this point on we shall also refrain from stating any restrictions on s; itis understood 
that s is sufficiently restricted to guarantee the convergence of the appropriate Laplace 
transform. 


Theorem 4.1.1 Transforms of Some Basic Functions 


1 
@) £1} =~ 
i ae a ae eee 
(b) £60") = Say = 12,3... (c) L{e"} = —— 
OAS re (e) L{cos kt} = aap 


(f) L{sinh kt} = <3 


AY 
=f (g) L {cosh kt} = (ae) 


kK 


Il| Sufficient Conditions for Existence of £ {f(t)} The integral that defines the 
Laplace transform does not have to converge. For example, neither £{1/t} nor £{ e’} exists. 
Sufficient conditions guaranteeing the existence of £{ f(A} are that f be piecewise continuous 
on [0, oo) and that f be of exponential order for t > T. Recall that a function fis piecewise con- 
tinuous on [0, oo) if, in any interval defined by 0 = a =t S D, there are at most a finite number 
of points ¢,,k = 1, 2,...,n (4; < t,), at which f has finite discontinuities and is continuous on 
each open interval defined by t,_, < t < t,. See FIGURE 4.1.1. The concept of exponential order 
is defined in the following manner. 


Definition 4.1.2 | Exponential Order 


A function fis said to be of exponential order if there exist constants c, M > 0, and T > 0 
such that |f(#)| S Me“ for all t > T. 


If fis an increasing function, then the condition |f()| = Me", t > T, simply states that the 
graph of fon the interval (7, oo) does not grow faster than the graph of the exponential function 
Me", where c is a positive constant. See FIGURE 4.1.2. The functions f(t) = t, f(t) = e ‘, and 
f(Q) = 2 cos tare all of exponential order c = | for t > 0 since we have, respectively, 


Itl<e, le ‘Ise, |2costl <2e’. 


A comparison of the graphs on the interval [0, co) is given in FIGURE 4.1.3. 
A positive integral power of t is always of exponential order since, for c > 0, 


n 


It"| S Me" or =M fort>T 


et 
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iG) 


ef pect 


FIGURE 4.1.4 f(z) 
exponential order 


FIGURE 4.1.5 Piecewise-continuous 


=e’ isnot of 


function in Example 6 
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is equivalent to showing that lim,,,,/"/e" is finite for n = 1, 2, 3,.... The result follows by 
n applications of L’H6pital’s rule. A function such as f(t) = e' is not of exponential order since, 


as shown in FIGURE 4.1.4, e” grows faster than any positive linear power of e for t > c > 0. This 
can also be seen from 


=| =e = e945 00 as t 00 


for any value of c. By the same reasoning, e “e’ — 00 as too for any s and so the improper 


integral f>°e ~“e" dt diverges. In other words, £{e"} does not exist. 


Theorem 4.1.2 Sufficient Conditions for Existence 


If f(4) is piecewise continuous on the interval [0, 00) and of exponential order, then & { f(1)} 
exists for s > c. 


PROOF: By the additive interval property of definite integrals, 


T co 
Lif} = | e-"f(t) dt + | e-f(t) dt = 1, + I. 
0 


T 


The integral J, exists because it can be written as a sum of integrals over intervals on which e “f(A 
is continuous. Now f is of exponential order, so there exists constants c, M > 0, T > 0 so that 
If(t)| S Me" for t > T. We can then write 

0° oo e —(s—c)T 


e “edt = uj e "dt =M 
‘ s-c 


In| = | je“f()| dt = u 


LE T 


for s >c. Since [Me “~ ' dt converges, the integral [7 le “f(#)| dt converges by the comparison 
test for improper integrals. This, in turn, implies that /, exists for s > c. The existence of J; and 
I, implies that £{ f()} = fF e “f(D dt exists for s > c. = 


| EXAMPLE6 | Transform of a Piecewise-Continuous Function 


Evaluate L£{ f(t)} for f() = - - : 


SOLUTION This piecewise-continuous function appears in FIGURE 4.1.5. Since fis defined in 
two pieces, L£ { f(t)} is expressed as the sum of two integrals: 


lo) 3 io) 
LLf(O} = | e “f(t) dt = | e “(O)dt + | e “(2) dt 


REMARKS 


Throughout this chapter we shall be concerned primarily with functions that are both piecewise 
continuous and of exponential order. We note, however, that these two conditions are sufficient 
Wie e 

1s not 


but not necessary for the existence of a Laplace transform. The function f(f) = t~ 
piecewise continuous on the interval [0, co); nevertheless its Laplace transform exists. See 
Problem 43 in Exercises 4.1. 
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In Problems 1-18, use Definition 4.1.1 to find L{f(p}. 
-1,0<r<l 
1. f= 


iF t=1 
‘5 ro = {* O<1<2 
0, f= 2 
i f= {t 0O=<t<1 
1, = 
4 of 
- 0, t=1 


sint, OSt<7 
5. fd) 0 


tS 7 


fe) = O<t< a2 
0, t= 7/2 


8. 
2) FO (2, 2) 
1 
i 1 
1 


FIGURE 4.1.6 Graph for 
Problem 7 


FIGURE 4.1.7 Graph for 
Problem 8 


9. f() 10. fi) 
: a 
1 | t 
a b 


1 


FIGURE 4.1.8 Graph for FIGURE 4.1.9 Graph for 


Problem 9 Problem 10 
1. foie 2 fHha=c > 
13, f(t) = te™ 4. fO=re* 
15. ff) =e 'sint 16. f(t) = e' cost 
17. f() =tcost 18. f(t) =tsint 


In Problems 19-36, use Theorem 4.1.1 to find L£{ f(f}. 


19. f(t) = 2¢* 20. f(t) =0° 

21. f(t) = 4t — 10 22. f(t) =7t+3 

23. f= +6t-3 24. f(t) = —4¢° + 16 +9 
25. f(t) = (t+ 1)° 26. f(t) = (2t— 1)° 

27. f(t) =1+e 2. f=? -—e %4+5 
29. f(t) =(1+ er 30. f() =(e'-—e ty 

31. f() = 40 — 5 sin 3r 32. f(t) = cos 5¢ + sin 2t 
33. f(t) = sinh kt 34. f(t) = cosh kt 

35. f(t) = e' sinh t 36. f(t) =e ‘cosht 


In Problems 37-40, find & { f(t)} by first using an appropriate 
trigonometric identity. 


37. f(t) = sin 2t cos 2t 
39. f(t) = sin(4t + 5) 


38. f(t) = cos*t 
40. f(t) = 10 cos(t — 77/6) 


Answers to selected odd-numbered problems begin on page ANS-8. 


M41. One definition of the gamma function I'(q) is given by the 
improper integral 


I(@) = | t*le“dt, a> 0. 
0 


Use this definition to show that (a + 1) = al(a). 
42. Use Problem 41 to show that 
T(a + 1) 


watt? a>-l., 


Li{t} = 


This result is a generalization of Theorem 4.1.1(b). 


In Problems 43-46, use the results in Problems 41 and 42 and 
the fact that (5) = V7 to find the Laplace transform of the 
given function. 


43. f(t) =r? 
45. f(t) =e” 


44, f(t) = 1? 
46. f(t) = 6? — 246? 


Discussion Problems 


47. Suppose that L{f,()} = F,(s) for s > c, and that 
L{f(t)} = Fp(s) for s > co. When does 


L(A + f(D} = Fi(s) + Fy(s)? 


48. Figure 4.1.4 suggests, but does not prove, that the function 
fO= e’ isnot of exponential order. How does the observation 
that 7° >In M + ct, for M > 0 and ¢ sufficiently large, show 
that e* > Me“ for any c? 


49. Use part (c) of Theorem 4.1.1 to show that 


Gfeuron, _ s7a + ib 
(s — a? + b” 
where a and bare real and i* = — 1. Show how Euler’s formula 


(page 121) can then be used to deduce the results 


s= a 
L{e" cos bt} = ———.—, 
vet cos bi = GH op + 
. b 
and {és bey = ———_,—— > 
(s—ay +b 


50. Under what conditions is a linear function f(x) = mx + b, 
m # QO, a linear transform? 


51. The function f(t) = 2te’ cose" is not of exponential order. 
Nevertheless, show that the Laplace transform L{ 2te' cos e"} 
exists. [Hint: Use integration by parts. ] 


52. Explain why the function 


é Oos=t<2 
fd = 44 2<t<4 
1/(¢ — 4), t>4 


is not piecewise continuous on [0, oc). 
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53. 


54. 


Show that the function f(t) = 1/t? does not possess a 
Laplace transform. [Hint: Write £{1/t*} as two improper 
integrals: 


In Problems 55-58, use the given Laplace transform and the 
result in Problem 54 to find the indicated Laplace transform. 
Assume that a and k are positive constants. 


Show that /, diverges. ] 


L/P} = | 


oO st 


? 


1 
dt =I, + h, 58. Let} = 3 Heh 


56. L{cost} = ae L{cos kt} 
s 


+ 


If £{ f(D} = F(s) and a > 0 is a constant, show that 


This result is known as the change of scale theorem. 
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{flat} = 1A(£), 


57. L£{t — sint} = Db L{kt — sinks} 


sr(s2 + 


2-2 
58. L£{cost sinht} = a L{coskt sinhkr} 
S 


42 The Inverse Transform and Transforms of Derivatives 


INTRODUCTION In this section we take a few small steps into an investigation of how the 
Laplace transform can be used to solve certain types of equations. After we discuss the concept of 
the inverse Laplace transform and examine the transforms of derivatives we then use the Laplace 
transform to solve some simple ordinary differential equations. 


4.2.1 Inverse Transforms 
| The Inverse Problem If F(s) represents the Laplace transform of a function f(0), 


that is, £{ f()} = F(s), we then say f(t) is the inverse Laplace transform of F(s) and write 
f(t) = £'{F(s)}. For example, from Examples 1, 2, and 3 in Section 4.1 we have, respectively, 


1=e{4}, reo ih and aa : \ 
5 Ss” s+ 3 


The analogue of Theorem 4.1.1 for the inverse transform is presented next. 
Theorem 4.2.1 Some Inverse Transforms 
1 
@) l= {1} 
Ss 


! 1 
(b) eae { n= 123,.. (c) o=o{} 
(d) sinte= "11 FI (e) cos te = "11 : \ 
s 


rtk 


k Ss 
2 = =i = =I 
(f) sinhkt = & {s = =} (g) coshkt = £ {s = \ 


When evaluating inverse transforms, it often happens that a function of s under consideration 


does not match exactly the form of a Laplace transform F(s) given in a table. It may be necessary 
to “fix up” the function of s by multiplying and dividing by an appropriate constant. 


| EXAMPLE1 | Applying Theorem 4.2.1 


13} aa! 
Evaluate (a) £ i (b) £ eat: 


SOLUTION (a) To match the form given in part (b) of Theorem 4.2.1, we identify n + 1 =5 
or n = 4 and then multiply and divide by 4!: 
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Partial fractions: distinct 
linear factors in denominator 


(b) To match the form given in part (d) of Theorem 4.2.1, we identify k* = 7 and sok = V7. 
We fix up the expression by multiplying and dividing by V7: 


o{ ot} = tof YE} = Sia Vii = 


| £-1 Is a Linear Transform The inverse Laplace transform is also a linear transform; 
that is, for constants a and B, 


L'aF(s) + BG(s)} = aL '{F(s)} + BL {G(s}, (1) 


where F and G are the transforms of some functions f and g. Like (3) of Section 4.1, (1) extends 
to any finite linear combination of Laplace transforms. 


| EXAMPLE2 | Termwise Division and Linearity 


—2s +6 
Evaluate gfe sl 


ert4 


SOLUTION We first rewrite the given function of s as two expressions by means of termwise 
division and then use (1): 


termwise division linearity and fixing up constants 


—2s + —2, Z 
g{=B* 8h gifs. b= nef hs Sel bay 
s +4 so+t4 so +4 s +4 2 s +4 


= —2cos2t + 3sin2t. < parts (e) and (d) of Theorem 4.2.1 with k = 2 = 


[| Partial Fractions Partial fractions play an important role in finding inverse Laplace 
transforms. As mentioned in Section 2.2, the decomposition of a rational expression into com- 
ponent fractions can be done quickly by means of a single command on most computer algebra 
systems. Indeed, some CASs have packages that implement Laplace transform and inverse 
Laplace transform commands. But for those of you without access to such software, we will 
review in this and subsequent sections some of the basic algebra in the important cases in which 
the denominator of a Laplace transform F(s) contains distinct linear factors, repeated linear 
factors, and quadratic polynomials with no real factors. We shall examine each of these cases 
as this chapter develops. 


| EXAMPLE3 | Partial Fractions and Linearity 


2 6g + 
Evaluate £ { : muted \ 
(s — 1)(s — 2)(s + 4) 


SOLUTION There exist unique constants A, B, and C such that 


s+6s+9 A ” B - C 
(s — 1)(s — 2)s +4) s—-1 s-—2 st+4 


A(s — 2)(s + 4) + Bis — Ils + 4) + C(s — 10s — 2) 
7 (s — 1s — 2s + 4) , 


Since the denominators are identical, the numerators are identical: 
s?+ 6s +9 =Als — 2s + 4) + Bis — 1)(s + 4) + Cs — Ls - 2). (3) 
By comparing coefficients of powers of s on both sides of the equality, we know that (3) is 


equivalent to a system of three equations in the three unknowns A, B, and C. However, recall 
that there is a shortcut for determining these unknowns. If we set s = 1, s = 2, ands = —4 
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in (3) we obtain, respectively,* 


16 = A(—1)(5), 25 = BU)(6), 1 = C(—-5)(—-6), 


and so A 2, B = 2, C = 3p. Hence the partial fraction decomposition is 


s+ 6s+9 16/5 “ 25/6 4: 1/30 
(s — 1)(s — 2)(s + 4) s—1 s-2 s+4 


(4) 


and thus, from the linearity of £~' and part (c) of Theorem 4.2.1, 


2 
gf so+6s+9 } Sef 1 Li 2Bel 1 bite 1 } 
(s — 1)(s — 2)(s + 4) 5 s— | 6 s= 2 30 s+4 


4.2.2 Transforms of Derivatives 


il Transform of a Derivative As pointed out in the introduction to this chapter, our im- 
mediate goal is to use the Laplace transform to solve differential equations. To that end we need 
to evaluate quantities such as L{dy/dt} and £{d*y/dt*}. For example, if f’ is continuous for 
t = 0, then integration by parts gives 


sira=[eroa=evol +s | nod 
0 0 0 


FO) + s£{ FO} 
or L{f'O} = sF(s) — FO). (6) 


Here we have assumed that e~*’ f(t) > 0 as t > oo. Similarly, with the aid of (6), 


Lif") = | ep dt=e%f"] +5 | e"'f'(t) dt 
0 0 0 
= —f'O) + s£{f'O} 
= s[sF(s) — f(0)] — f'O) < from (6) 
or L{f"(O} = 8° F(s) — sf) — f'(O). (7) 


In like manner it can be shown that 


LAF") = SF(s) — °F) — sf"O) — f"0). (8) 


The recursive nature of the Laplace transform of the derivatives of a function f should be appar- 
ent from the results in (6), (7), and (8). The next theorem gives the Laplace transform of the nth 
derivative of f. 


Theorem 4.2.2 Transform of a Derivative 


Iff, f’,...,f » are continuous on [0, oo) and are of exponential order and if f(t) is piecewise 
continuous on [0, oo), then 


ii? O) =s to) sO) 6 7 Oa fF ), 
where F(s) = L£{f()}. 


*The numbers 1, 2, and —4 are the zeros of the common denominator (s — 1)(s — 2)(s + 4). 
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I| Solving Linear ODEs _Itis apparent from the general result given in Theorem 4.2.2 that 
L{d"y/dt"} depends on Y(s) = L{y(t)} and the n — 1 derivatives of y(t) evaluated at t = 0. This 
property makes the Laplace transform ideally suited for solving linear initial-value problems in 
which the differential equation has constant coefficients. Such a differential equation is simply 
a linear combination of terms y, y’, y’,..., y: 


tot ayy = BO, 


yO) = yo, y'(0) = y,, --- YO) = Yn, 


where the coefficients a;, i = 0,1,...,n and yo, y),..., ¥,—; are constants. By the linearity property, 
the Laplace transform of this linear combination is a linear combination of Laplace transforms: 
d n. n- ay 
aye { >} +a,.0{o 4 + + ap L{y} = £{gO}. (9) 


From Theorem 4.2.2, (9) becomes 


Als Y@)= 8 yO = = 9 9 O)] 
(10) 
+ a,—y[s"” '¥(s) — s”~2y(0) — «+> — y"~2(0)] + +++ + ag¥(s) = G(s), 


where L{y(t)} = ¥(s) and L{ g(t)} = G(s). In other words: 


The Laplace transform of a linear differential equation with constant coefficients becomes 
an algebraic equation in Y(s). 


If we solve the general transformed equation (10) for the symbol Y(s), we first obtain P(s)Y(s) = 
Q(s) + G(s), and then write 


G 
Ys) = O(s) (s) (11) 
P(s) — P(s) 
where P(s) = a," + a,—\s" | + +++ + do, Q(s) is a polynomial in s of degree less than or equal 
ton — | consisting of the various products of the coefficients a;, i = 1,...,, and the prescribed 
initial conditions yo, y;,..., Y,—, and G(s) is the Laplace transform of g(t).* Typically we put the 


two terms in (11) over the least common denominator and then decompose the expression into 
two or more partial fractions. Finally, the solution y(t) of the original initial-value problem is 
y(t) = L£~'{Y¥(s)}, where the inverse transform is done term by term. 

The procedure is summarized in FIGURE 4.2.1. 


Find unknown Transformed DE 
y(t) that satisfies becomes an 

a DE and initial algebraic equation 
conditions in Y(s) 


Solve transformed 
equation for Y(s) 


-——> Apply Laplace transform £ ——> 


Solution y(t) of 


original TVP |< Apply inverse transform £-! <1 


FIGURE 4.2.1 Steps in solving an IVP by the Laplace transform 


The next example illustrates the foregoing method of solving DEs. 


| EXAMPLE4 | Solving a First-Order IVP 


Use the Laplace transform to solve the initial-value problem 


dy 
ae + 3y = 13sin2t, y(0)=6. 


*The polynomial P(s) is the same as the nth degree auxiliary polynomial in (13) in Section 3.3, with the 
usual symbol m replaced by s. 
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SOLUTION We first take the transform of each member of the differential equation: 


dy 
fo} + 3L£{y} = 13 L{sin 27}. (12) 


But from (6), L {dy/dt} = sY(s) — y(0) = sY(s) — 6, and from part (d) of Theorem 4.1.1, 
L{sin 2t} = 2s? + 4), and so (12) is the same as 


10) -6 4376 = ee crear oe4 


er t4 


Solving the last equation for Y(s), we get 


6 26 6s* + 50 
Ys) = + - = 5 . (13) 
s+ 3 (s + 3)(s° + 4) (s + 3)(s° + 4) 
Partial fractions: Since the quadratic polynomial s* + 4 does not factor using real numbers, its assumed 


quadratic polynomial 


‘ numerator in the partial fraction decomposition is a linear polynomial in s: 
with no real factors 


6s" + 50 A Bs +C 
(s + 3s? +4) s +3 er t4o 


Putting the right side of the equality over a common denominator and equating numerators 
gives 6s? + 50 = A(s? + 4) + (Bs + C)(s + 3). Setting s = —3 then yields immediately 
A = 8. Since the denominator has no more real zeros, we equate the coefficients of s? ands: 
6 =A + Band0 = 3B + C. Using the value of A in the first equation gives B = —2, and then 
using this last value in the second equation gives C = 6. Thus 


6s* + 50 8 | =2s5 +6 
(s + 3)(s? + 4) st+3. s?4+40 


Y(s) 


We are not quite finished because the last rational expression still has to be written as two 
fractions. But this was done by termwise division in Example 2. From (2) of that example, 


1 Ss 2 
th = s¢{— | - 29-1 } + ral \ 
yw) s+3 +4 +4 


It follows from parts (c), (d), and (e) of Theorem 4.2.1 that the solution of the initial-value 


problem is y(t) = 8e *’ — 2cos2r + 3sin2r. = 


| EXAMPLES | Solving a Second-Order IVP 


Solve y’—3y'+2y=e", yO)=1, yO=5. 


SOLUTION Proceeding as in Example 4, we transform the DE by taking the sum of the 
transforms of each term, use (6) and (7), use the given initial conditions, use part (c) of 
Theorem 4.1.1, and then solve for Y(s): 


d*y dy = hie 
apes _ sf 2} + 2L£{y} —_ Lie } 
s°Y(s) — sy(0) — y'(0) — 3[s¥(s) — y(O)] + 2%(s) = 
s+a4 
(s = 39 + 2)¥(s) = 5 +2 + — 
st2 1 s+ 6s4+9 


Y(s) = (14) 


342 @-34+dD0+4 C-DE-DETA 


and so y(t) = L'{ ¥(s)}. The details of the decomposition of Y(s) in (14) into partial fractions 
have already been carried out in Example 3. In view of (4) and (5) the solution of the initial- 


value problem is y(t) = —Se' + 2e% + He”. = 
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Examples 4 and 5 illustrate the basic procedure for using the Laplace transform to solve 
a linear initial-value problem, but these examples may appear to demonstrate a method that 
is not much better than the approach to such problems outlined in Sections 2.3 and 3.3-3.6. 
Don’t draw any negative conclusions from the two examples. Yes, there is a lot of algebra 
inherent in the use of the Laplace transform, but observe that we do not have to use variation 
of parameters or worry about the cases and algebra in the method of undetermined coeffi- 
cients. Moreover, since the method incorporates the prescribed initial conditions directly into 
the solution, there is no need for the separate operations of applying the initial conditions to 
the general solution y = cyy, + Cy) + *** + €,y,+ y, of the DE to find specific constants in 
a particular solution of the IVP. 

The Laplace transform has many operational properties. We will examine some of these 
properties and illustrate how they enable us to solve problems of greater complexity in the sec- 
tions that follow. 

We conclude this section with a little bit of additional theory related to the types of 
functions of s that we will generally be working with. The next theorem indicates that not 
every arbitrary function of s is a Laplace transform of a piecewise-continuous function of 
exponential order. 


Theorem 4.2.3 Behavior of F(s) as s > co 


If fis piecewise continuous on [0, oo) and of exponential order, then lim & { f(#)} = 0. 


PROOF: Since J (t) is piecewise continuous on the closed interval [0, T], itis necessarily bounded 
on the interval. That is, |f(#)| < M, = M,e™. Also, because f is assumed to be of exponential 
order, there exist constants y, M, > 0, and T > 0, such that |f()| = M,e”' for t > T. If M denotes 
the maximum of {M,, M,} and c denotes the maximum of {0, y}, then 


io. co e S- ot oe) M 
e “If(O| dt = | ee" dt M = 


0 sel s- ¢ 


ecron's | 


0 


for s > c. As s > oo, we have |£{ f(4)}| > 0, and so £{ f()} > 0. = 


As a consequence of Theorem 4.2.3 we can say that functions of s such as F\(s) = | and 
F,(s) = s/(s + 1) are not the Laplace transforms of piecewise-continuous functions of exponential 
order since F'\(s) + 0 and F(s) + 0 as s > oo. But you should not conclude from this that F;(s) 
and F’,(s) are not Laplace transforms. There are other kinds of functions. 


REMARKS 


(i) The inverse Laplace transform of a function F(s) may not be unique; in other words, 
it is possible that £{ f,(t)} = L{ f,()} and yet f, # fs. For our purposes this is not any- 
thing to be concerned about. If f, and f, are piecewise continuous on [0, co) and of ex- 
ponential order, then f; and f, are essentially the same. See Problem 50 in Exercises 4.2. 
However, if f; and f; are continuous on [0, co) and L{ f,()} = L{ f,(H}, then f, = f, on 
the interval. 

(ii) This remark is for those of you who will be required to do partial fraction decompo- 
sitions by hand. There is another way of determining the coefficients in a partial fraction 
decomposition in the special case when £{ f(t)} = F(s) is a rational function of s and the 
denominator of F is a product of distinct linear factors. Let us illustrate by reexamining 
Example 3. Suppose we multiply both sides of the assumed decomposition 


so +6s+9 A a B ‘ Cc 
= ING = 2yio se 4) og = I g=2 gard 


(15) 
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by, say, s — 1, simplify, and then set s = 1. Since the coefficients of B and C on the right side 
of the equality are zero, we get 


a= Ge a= 1 
2 sae =A of AS = S 
= 2s 4) =a 5 
Written another way, 
SSE ie ©) 16 
S 5 ee 


s=1 - 5 


(@ = Ie = 2G se 4) 


where we have colored or covered up the factor that canceled when the left side was multiplied 
by s — 1. Now to obtain B and C we simply evaluate the left-hand side of (15) while covering 
up, in turn, s — 2 ands + 4: 


s+6s+9 BS s+6s4+9 1 
= = B and = = ¢, 
(s — Ils — 2)\(s + 4) |,-. 6 (s — 1s — 2)\(s + 4||,--4 30 


The desired decomposition (15) is given in (4). This special technique for determining coef- 
ficients is naturally known as the cover-up method. 

(iii) In this remark we continue our introduction to the terminology of dynamical systems. 
Because of (9) and (10) the Laplace transform is well adapted to /inear dynamical systems. In 
(11) the polynomial P(s) = a,s" + a,—s" | + +++ + ag is the total coefficient of Y(s) in (10) 
and is simply the left-hand side of the DE with the derivatives d“y/dt* replaced by powers s*, 
k = 0, 1, ..., n. It is usual practice to call the reciprocal of P(s), namely, W(s) = 1/P(s), the 
transfer function of the system and write (11) as 


Y(s) = W(s)Q(s) + W(s)G(s). (16) 


In this manner we have separated, in an additive sense, the effects on the response that are due 
to the initial conditions (that is, W(s)Q(s)) and to the input function g (that is, W(s)G(s)). See 
(13) and (14). Hence the response y(f) of the system is a superposition of two responses 


yt) = LE W(s)Q(s)} + L'{W(s)G(s)} = yolt) + yi (0. 


If the input is g(t) = 0, then the solution of the problem is yo(t) = L~'{ W(s)Q(s)}. This 
solution is called the zero-input response of the system. On the other hand, the function 
y(t) = £~'{ W(s)G(s)} is the output due to the input g(t). Now if the initial state of the system 
is the zero state (all the initial conditions are zero), then Q(s) = 0, and so the only solution of 
the initial-value problem is y,(¢). The latter solution is called the zero-state response of the 
system. Both yo(¢) and y,(¢) are particular solutions: yo(¢) is a solution of the [VP consisting of 
the associated homogeneous equation with the given initial conditions, and y,(4) is a solution of 
the IVP consisting of the nonhomogeneous equation with zero initial conditions. In Example 5, 
we see from (14) that the transfer function is W(s) = 1/(s? — 3s + 2), the zero-input response is 


Gar 2 
p= Lo = —3e' + 4e”, 
yo(0) iz =e =} e e 
and the zero-state response is 
1 1 1 1 
i= gel = — 0 fle 2t a Sah 
a te — D& — 2)5 + ai Bo GO ee nue 


Verify that the sum of y(t) and y,(f) is the solution y(f) in that example and that y(0) = 1, 
yo(0) = 5, whereas y,(0) = 0, yi(0) = 0. 
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| 4.2 Exercises Answers to selected odd-numbered problems begin on page ANS-9. 


4.2.2 Transforms of Derivatives 


4.2.1 Inverse Transforms 
In Problems 1-30, use Theorem 4.2.1 to find the given inverse 
transform. 
1 1 
i ees oa {5} 2. ef at 
2 
veh} cel 
RY Ss Ss Ss 
+ 1) + 2) 
5. Lf {f 7 “| 6. ae P “| 
S s° 
peft ty 1 Vg wilt 6 1) 
Ss RY s=2 Ss Ss s+ 8 
9. a : } 10. a : \ 
4s + 1 as 2, 
1 
11. ca eee } 12. gif } 
s- + 49 so + 16 
13, L { = } 14, gf a } 
4s° + 1 4s° + 1 
- + 
15. £7 {3 $} 16. £5 } 
so+9 gs +2 
+ 
no} } we 4 | 
s- + 38 so — 4s 
1 
af) aed, 1} 
si + 2s =3 so +5 — 20 
21. Lf” { ues } 
(s — 0.1)(s + 0.2) 
5 —3 
nel 
(s — V3\s + V3) 
23. £- { 
(s — 2)(s — 3)(s — 6) 
2 
24. P- { ee \ 
s(s — 1)(s + 1)(s — 2) 
melt} wef} 
s°> + 5s (s + 2)(s* + 4) 
2s —4 1 
nef es Vey gif 1) 
(s* + s)(s~ + 1) gs’ —9 


2 1 
is le + 1)(s? + 4) 


\ a0 a 6s + 3 \ 
: st +557 +4 


In Problems 31 and 32, find the given inverse Laplace transform 
by finding the Laplace transform of the indicated function f- 


1 
31. ca 


(s* + a?)(s* + b?) 


\. f@® = asinbt — b sinat 


32. ca 


(s* + a’\(s* + b?) 


\. f@® = cos bt — cosat 


In Problems 33—44, use the Laplace transform to solve the given 
initial-value problem. 
dy 


33. —-y=l, 


ai y(0) = 0 


34. 9p weak y(O) = -3 

dt 
35. y + 6y=e", y(0)=2 
36. y’ —y=2cos5t, y(0)=0 
37. y’ + Sy’ + 4y=0, y(0)=1, y'(0) =0 
38. y” — 4y' = 6e* —3e*, yO) =1, y'(0) =—-1 
39. y’ +y= V2sin V21, yO) = 10, y'(0) =0 
40. y’+9y=e', y0)=0, y’'(0)=0 
M1. 2y" + 3y" — 3y' —2y=e%, y0)=0, y'(0)=0, YO)=1 
42. y" + 2y"—y' —2y=sin3t, y(0)=0, y’'(0) =0, yO) = 1 
3. y —y=0, y0) = 0,y'O) = 0,y") = 0,y"@) = 2 
44. y? — 9y = 0, yO) = 1, y’) = 0, yO) = 3,y"(0) = 0 
In Problems 45 and 46, use one of the inverse Laplace transforms 


found in Problems 31 and 32 to solve the given initial-value 
problem. 


45. y” + 4y = 10cos5z, y(0) = 0, y'(0) = 0 
46. y” + 2y = sint, yO) = 0,y’(0) =0 


The inverse forms of the results in Problem 49 in Exercises 4.1 are 


1) — oak a} = e“cos bt 
b 

and cane an =} = e“ sin bt. 
s—a 


In Problems 47 and 48, use the Laplace transform and these 
inverses to solve the given initial-value problem. 


47. y’ +y=e~*cos2z, y0)=0 
48. y’— 2y'+ 5y=0, y(0) = 1, y'(0) =3 


Discussion Problems 


49. (a) With a slight change in notation the transform in (6) is 
the same as 


L{f'O} = 5 L{FO} — FO). 


With f(t) = te“, discuss how this result in conjunction 
with part (c) of Theorem 4.1.1 can be used to evaluate 
Li{te"}. 

(b) Proceed as in part (a), but this time discuss how to use 
(7) with f(t) = ¢ sin kt in conjunction with parts (d) and (e) 
of Theorem 4.1.1 to evaluate & {t sin kr}. 
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50. Make up two functions f, and f, that have the same Laplace 52. Suppose f(t) is a function for which f'(f) is piecewise con- 


transform. Do not think profound thoughts. 


51. Reread Remark (iii) on page 224. Find the zero-input and the 
zero-state response for the [VP in Problem 38. 


FIGURE 4.3.1 Shift on s-axis 
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tinuous and of exponential order c. Use results in this section 
and Section 4.1 to justify 


f(0) = lim sF(s), 


where F'(s) = L{ f(t}. Verify this result with f(t) = cos kt. 


43| Translation Theorems 


INTRODUCTION | It is not convenient to use Definition 4.1.1 each time we wish to find the 
Laplace transform of a given function f(t). For example, the integration by parts required to 
determine the transform of, say, f(t) = e't’ sin 3t is formidable to say the least when done by 
hand. In this section and the next we present several labor-saving theorems that enable us to build 
up a more extensive list of transforms (see the table in Appendix III) without the necessity of 
using the definition of the Laplace transform. 


4.3.1 Translation on the s-axis 


Evaluating transforms such as £ {er} and £{e* cos 4f} is straightforward provided we know 
L{t7} and L{cos 4t}, which we do. In general, if we know L{ f(t)} = F(s) it is possible to 
compute the Laplace transform of an exponential multiple of the function f, that is, £{e“f(}, 
with no additional effort other than translating, or shifting, F(s) to F(s — a). This result is known 
as the first translation theorem or first shifting theorem. 


Theorem 4.3.1 First Translation Theorem 
If £L{f(} = F(s) and a is any real number, then 
L{e"f()} = F(s — a). 


PROOF: The proof is immediate, since by Definition 4.1.1 


foe) foe) 


e “e" f(t) dt = | e “— F(t) dt = F(s — a). = 


0 


L{ewf(O} = | 


0 
If we consider s a real variable, then the graph of F(s — a) is the graph of F(s) shifted on the 
s-axis by the amount lal. If a > 0, the graph of F(s) is shifted a units to the right, whereas if a < 0, 
the graph is shifted lal units to the left. See FIGURE 4.3.1. 
For emphasis it is sometimes useful to use the symbolism 


Lie" FO} = LIF O} 40-02 


where s — s — a means that in the Laplace transform F(s) of f(t) we replace the symbol s where 
it appears by s — a. 


| EXAMPLE1 | Using the First Translation Theorem 
Evaluate (a) Lf{e%F} (b) L{e~ cos 4¢}. 
SOLUTION The results follow from Theorems 4.1.1 and 4.3.1. 
3! 6 


. sos—5 7 (s ~~ 5) 


(a) Lier} = LP} .os-5= 


Ss s+2 
s+ 16} o4. (s +2 + 16 


[| Inverse Form of Theorem 4.3.1 To compute the inverse of F(s — a) we must recognize 
F(s), find f(t) by taking the inverse Laplace transform of F(s), and then multiply f(f) by the expo- 
nential function e“. This procedure can be summarized symbolically in the following manner: 


LONF(s — a)} = L'NFG)|.5-a} = eFO; (1) 
where f(t) = £7 '{F(s)}. 


(b) L{e~* cos 4t} = L{cos 4t} ,5-(- = 
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| EXAMPLE2 | Partial Fractions and Completing the Square 


Partial fractions: repeated = 2s + 5 _ s/2 + 5/3 
linear factors in (a). > Evaluate (a) £ as (b) Lo eb de SG . 


SOLUTION (a) A repeated linear factor is a term (s — a)", where a is a real number and n is 
a positive integer = 2. Recall that if (s — a)” appears in the denominator of a rational expres- 
sion, then the assumed decomposition contains n partial fractions with constant numerators 
and denominators s — a, (s — a)’, ..., (s — a)". Hence with a = 3 and n = 2 we write 


282 S A B 


ed + bas 
(S= 3)" S53) | ge 3)? 


The numerator obtained by putting the two terms on the right over a common denominator is 
2s + 5 = A(s — 3) + B, and this identity yields A = 2 and B = 11. Therefore, 


2s + 5 2 11 
= + : (2) 
(s — 3) s-3  (s — 3) 
2s + 5 1 1 
we f43V oe tVengf 1g 
(s — 3) s=3 (s — 3) 
Now I/(s — 3)’ is F(s) = 1/s? shifted 3 units to the right. Since L~'{1/s"} = t, it follows from 
(1) that 
nfetab-eGL do 
(s ~ ay =e sos—3 : 
2s + 5 
Finally, (3) is go! ies} = 2e* + let, (4) 
— 


(b) To start, observe that the quadratic polynomial s? + 4s + 6 does not have real zeros and 
so has no real linear factors. In this situation we complete the square: 
s/2 + 5/3 s/2 + 5/3 
st+4s4+6 (st+2P4+2) 


(5) 


Our goal here is to recognize the expression on the right as some Laplace transform F(s) in 
which s has been replaced throughout by s + 2. What we are trying to do here is analogous 
to working part (b) of Example | backward. The denominator in (5) is already in the correct 
form; that is, s? + 2 with s replaced by s + 2. However, we must fix up the numerator by 
manipulating the constants: 5s + 3 = 5(s + 2) + 3 — 3 = 5(s + 2) + 3. 

Now by termwise division, the linearity of fl, parts (d) and (e) of Theorem 4.2.1, and 


finally from (1), 
s2 + 5/3 (1/2)(s +2) + 2/3 1 s+2 i 2 1 
(s +2 +2 (s +2 +2 2(s+2P +2 3(s+2) +2 


2 + I +2 2 I 
| cade \ a — ha ¢{ 3 } 
vt4s+6f 2 Lora +2) 3° Lor2r +2 


1 2 2 
Naka HET bel © 
2 so +2 s—st+2 3V2 ae’ ss +2 


1 2 
= 7e 008 \/ at + M2 sin V2t. (7) = 


| EXAMPLE3 | Initial-Value Problem 


Solve y’ — 6y'+9y=fre", yO)=2, y'(0)=17. 


SOLUTION Before transforming the DE note that its right-hand side is similar to the function 
in part (a) of Example 1. We use Theorem 4.3.1, the initial conditions, simplify, and then 
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solve for Y(s) = L{ f(p}: 
L{y"} — 6L{y’} + 9L{y} = £{Pe*} 


s°¥(s) — sy(0) — y'(0) — 6[s¥(s) — y(0)] + 9¥(s) = 


(s — 3y 
2 
(s? — 65 + 9)¥(s) =25+54+ G3) 
(s — 3 ¥(s) =2s+5+ c= or 
287 3 2 


Maar aay 


The first term on the right has already been decomposed into individual partial fractions in 
(2) in part (a) of Example 2: 


: Ow Th 2 
> -3 '@-3 wa 


=20\ a} + me eaagl ta lea 
Thus y(t) = 2 4 + 11 oa ar nao! (8) 


From the inverse form (1) of Theorem 4.3.1, the last two terms are 


1 4! 
es, } = te and carpe } = fe, 
S” |s5—3 Sy |s5-3 


and so (8) is y(t) = 2e* + 11te™* + jtte*. = 


| EXAMPLE4 | An Initial-Value Problem 


Solve y’+4y’+6y=I1+e', yO)=0, y'(0)=0. 


SOLUTION L{y"} + 4Lfy'} + OL{y} = LU} + Lle} 
s’¥(s) — sy(0) — y'(0) + 4[s¥(s) — y(0)] + 6Y(s) = I + 
Ss stl 
iP tue ore 
s(s + 1) 
2s + 1 


Y(s) = 5 : 
s(s + 1)(s° + 45 + 6) 

Since the quadratic term in the denominator does not factor into real linear factors, the partial 
fraction decomposition for Y(s) is found to be 


1/6 1/3 s/2 + 5/3 
Y(s) = + 5 . 
RY s+] so +4s+6 


Moreover, in preparation for taking the inverse transform, we have already manipulated the 
last term into the necessary form in part (b) of Example 2. So in view of the results in (6) and 
(7) we have the solution 


atealt pe{ th Syl st+2 \_2 { v2 } 
aa {th+ty oil 27 l@soree| 38 lesa so 


1 1 Tt =~ Dp 
=> + 3° - 5 e teos V2t - Me, 2 sin V21. 
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FIGURE 4.3.3 Function can be written 
fe) = 2t-— DUE- 1) 


PACD) 
2 


Ab = 


FIGURE 4.3.4 Function can be written 
f(t) =2 —3UG— 2) + Wr 3) 


5 


FIGURE 4.3.5 Function in Example 5 


4.3.2 Translation on the f-axis 


I Unit Step Function Inengineering, one frequently encounters functions that are either 
“off” or “on.” For example, an external force acting on a mechanical system or a voltage impressed 
on a circuit can be turned off after a period of time. It is convenient, then, to define a special func- 
tion that is the number 0 (off) up to a certain time ¢ = a and then the number | (on) after that time. 
This function is called the unit step function or the Heaviside function, named after the renowned 
English electrical engineer, physicist, and mathematician Oliver Heaviside (1850-1925). The 
Heaviside layer in the ionosphere, which can reflect radio waves, is named in his honor. 


Definition 4.3.1 Unit Step Function 


The unit step function U(t — a) is defined to be 


a On aa 
A!) a jf = a, 

Notice that we define U(t — a) only on the nonnegative f-axis since this is all that we are 
concerned with in the study of the Laplace transform. In a broader sense W(t — a) = 0 fort <a. 
The graph of U(t — a) is given in FIGURE 4.3.2. 

When a function f defined for t = 0 is multiplied by U(r — a), the unit step function “turns 
off” a portion of the graph of that function. For example, consider the function f(t) = 2t — 3. 
To “turn off” the portion of the graph of f on, say, the interval 0 <= t < 1, we simply form the 
product (2 — 3)U(t — 1). See FIGURE 4.3.3. In general, the graph of f(f) W(t — a) is 0 (off) for 
0 =t <a and is the portion of the graph of f (on) for ¢ = a. 

The unit step function can also be used to write piecewise-defined functions in a compact 
form. For example, by considering 0 <= ¢t < 2,2 <t <3, t = 3, and the corresponding values 
of U(t — 2) and U(t — 3), it should be apparent that the piecewise-defined function shown in 
FIGURE 4.3.4 is the same as f(t) = 2 — 3 U(t — 2) + U(t — 3). Also, a general piecewise-defined 
function of the type 


_ je, OSt<a 
fo) = { i ae (3) 
is the same as 
Sf = gf) — g(t) Ut — a) + A(t) Ut — a). (10) 


Similarly, a function of the type 


0, Os<t<a 


fO=§80, ast<b (11) 
0, t=b 
can be written f@ = g(H[W(t — a) — U(t — b)). (12) 


| EXAMPLES | A Piecewise-Defined Function 


20, O=st<5 
Express f(t) = . oe 


in terms of unit step functions. Graph. 


SOLUTION The graph of f is given in FIGURE 4.3.5. Now from (9) and (10) with a = 5, 
g(t) = 20f, and h(t) = 0, we get f(t) = 20f — 20fU(t — 5). 


Consider a general function y = f(t) defined for t = 0. The piecewise-defined function 


0, S1< a4 
f(t — a)U(t — a) = ae —_ (13) 


4.3 Translation Theorems | 229 


LO plays a significant role in the discussion that follows. As shown in FIGURE 4.3.6, for a > 0 the 


graph of the function y = f(t — a) U(t — a) coincides with the graph of y = f(t — a) fort =a 

fo (which is the entire graph of y = f(), t = 0, shifted a units to the right on the f-axis) but is iden- 
tically zero forO St<a. 

t We saw in Theorem 4.3.1 that an exponential multiple of f(¢) results in a translation of the 


transform F(s) on the s-axis. As a consequence of the next theorem we see that whenever F(s) is 
(a) f(), 20 multiplied by an exponential function e “*, a > 0, the inverse transform of the product e “*F(s) 
f(t) is the function f shifted along the f-axis in the manner illustrated in Figure 4.3.6(b). This result, 
presented next in its direct transform version, is called the second translation theorem or 


~*~. second shifting theorem. 
| 


| ; Theorem 4.3.2 Second Translation Theorem 


If F(s) = L{f()} anda > 0, then 
Lift — aW(t — a} =e“ F(s). 


(b) f(t-a) UWt-a) 
FIGURE 4.3.6 Shift on t-axis 


PROOF: By the additive interval property of integrals, [7e~ “f(t — a) U(t — a) dt can be written 
as two integrals: 
LL flt — a) Ut — a)} = | e-f(t — a) Wt — a) dt + | e-'f(t — a) Ut — a) dt 
. Sn aad “ uy 


zero forO St<a one for tf =a 


= | e “f(t — a) dt. 


Now if we let v = ¢ — a, dv = dt in the last integral, then 


Li f(t — a) W(t — a)} = | e 0S Fy) dv 
0 


= e*| e "fv dv =e ®L{f@}. = 
0 


We often wish to find the Laplace transform of just a unit step function. This can be found 
from either Definition 4.1.1 or Theorem 4.3.2. If we identify f(4) = 1 in Theorem 4.3.2, then 
f(t — a) = 1, F(s) = £{1} = I/s, and so 


—=as 


é 


L£{U(E — a)} = (14) 


P 7 


| EXAMPLE6 | Figure 4.3.4 Revisited 


Find the Laplace transform of the function f whose graph is given in Figure 4.3.4. 


SOLUTION We use f expressed in terms of the unit step function 


f(t) = 2 -—3Ut — 2) + Wet - 3) 


and the result given in (14): 
L{ fo} = 2L{1} — 3L{Ut — 2)} + LEU — 3)} 


par f — 

2 3e °° es 

== - + —, 
s Ss Ss 


[| Inverse Form of Theorem 4.3.2 Iff() = £7!{F(s)}, the inverse form of Theorem 4.3.2, 
with a > 0, is 


Le F(s)} = f(t — a) Ut — a). (15) 
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| EXAMPLE7 | Using Formula (15) 


1 
Evaluate (a) f- — ze" (b) ca ee sel. 


SOLUTION (a) With the identifications a = 2, F(s) = 1s — 4), £7'{ F(s)} = e™, we have 
from (15) 


1 
a « = et OU(t — 2), 


er 


(b) With a = 7/2, F(s) = si(s* + 9), £7'{F(s)} = cos 3t, (15) yields 


gf . ena = eos 3(¢ — 7/2) UE — a2), 


The last expression can be simplified somewhat using the addition formula for the cosine. 


Verify that the result is the same as —sin 3f°%U(t — 7/2). = 


]|| Alternative Form of Theorem 4.3.2 Weare frequently confronted with the problem 
of finding the Laplace transform of a product of a function g and a unit step function U(t — a) 
where the function g lacks the precise shifted form f(t — a) in Theorem 4.3.2. To find the Laplace 
transform of g(t)U(t — a), it is possible to fix up g(t) into the required form f(t — a) by algebraic 
manipulations. For example, if we want to use Theorem 4.3.2 to find the Laplace transform of 
t? U(t — 2), we would have to force g(f) = t? into the form f(t — 2). You should work through 
the details and verify that 1? = (t — 2)? + 4(t — 2) + 4 is an identity. Therefore, 


L{P Ur — 2)} = Lit — 2)? Ut — 2) + 4 — 2) Ut — 2) + 4UCr — 2)}, 


%e7s 4de~2s de> 
= + + 
S S S 


by Theorem 4.3.2. But since these manipulations are time-consuming and often not obvious, it 
is simpler to devise an alternative version of Theorem 4.3.2. Using Definition 4.1.1, the definition 
of U(t — a), and the substitution u = t — a, we obtain 


love) 


L{g(thU(t — a)} = | e “9(t) dt = | e “* 9 a(u + a) du. 
0 


That is, L{gHNUt — a} =e “L{ g(t + a)}. (16) 
With a = 2 and g(t) = ? we have by (16), 
Fie Ue — 2} =e *L{(t + 2/7} 


=e Lit? + 4¢ + 4} 


which agrees with our previous calculation. 


| EXAMPLES | 8 Second Translation Theorem—Alternative Form 


Evaluate £{cos tU(t — 7)}. 


SOLUTION With g(t) = cost, a = 7, then g(t + 7) = cos (t + 7) = —cos ft by the addition 
formula for the cosine function. Hence by (16), 


Ss 
£ tU(t — =-e “—£ = oe 
{cos t°U(t — a)} e {cos t} Qe "i 


4.3 Translation Theorems | 231 


In the next two examples, we solve in turn an initial-value problem and a boundary-value 
problem. Both problems involve a piecewise-linear differential equation. 


| EXAMPLE9 | An Initial-Value Problem 


0, Os=t<7 
Solve y’ +y=f(t), y(O)=5, where f() = { 


3 cost, t=T7. 


SOLUTION The function f can be written as f(f) = 3 cos tU(t — 7) and so by linearity, the 
results of Example 8, and the usual partial fractions, we have 


Lily} + Ly} = 3L {cos rU(t — 7)} 


sY(s) — y(0) + Ys) = -3—~—e-® 
S 


24] 
(s + 1)¥(s) = 5 38 =a 
Ss s=5- ; 
a 
5 3, 1 1 r 
Yi = _ Ts 4 Ts mais 17 
4d 3|-e aa eet” | (17) 


Now proceeding as we did in Example 7, it follows from (15) with a = z that the inverses of 
the terms in the bracket are 


1 1 
a ent =e" U(t — 7), ef ae enh = sin(t — 7) U(t — 7), 
S 


-1 Ss —7S _ _ _ 
and & {sii } cos(t — 7) U(t — 77). 


Thus the inverse of (17) is 


y(t) = 5e'+ = e704 — 1) - = sin — 7) U(t — 7) : cos(t — 7) U(t — 7) 


ep Sy pe : 
=5e'+ 5 e "-™ + sint + cost | U(t— 7) < trigonometric identities 


1 Om 3 5e', 0<t<a7 
~ [se + Be 4+ 3 sint + 3 cose t=7 ner 

FIGURE 4.3.7 Graph of function (18) in z ‘i : = <P 
Example 9 With the aid of a graphing utility we get the graph of (18), shown in FIGURE 4.3.7. = 


Hi Beams In Section 3.9 we saw that the static deflection y(x) of a uniform beam of length L 
carrying load w(x) per unit length is found from the linear fourth-order differential equation 
4 


y 
— = w(a), (19) 
dx* @) 
where E is Young’s modulus of elasticity and /is a moment of inertia of a cross section of the beam. 
The Laplace transform is particularly useful when w(x) is piecewise defined, but in order to use the 
transform, we must tacitly assume that y(x) and w(x) are defined on (0, oo) rather than on (0, L). 
w(x) Note, too, that the next example is a boundary-value problem rather than an initial-value problem. 


| EXAMPLE 10 | A Boundary-Value Problem 


A beam of length L is embedded at both ends as shown in FIGURE 4.3.8. Find the deflection of 
the beam when the load is given by 


2 
me _ =) 0<x=L/2 
w(x) = L 


FIGURE 4.3.8 Embedded beam with a 0, LI2Z<x<L, 
variable load in Example 10 where wy is a constant. 


Pai 
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MN) 


FIGURE 4.3.9 Boxcar function 


SOLUTION Recall that, since the beam is embedded at both ends, the boundary conditions 
are y(0) = 0, y’(0) = 0, y(L) = 0, y'(L) = 0. Now by (10) we can express w(x) in terms of the 


unit step function: 
2 L 
oul, — = 
i)" 3) 


zox+(s-5)ale-5)] 


Transforming (19) with respect to the variable x gives 


w(x) 


ll 
= 
o 
a ™~ 
— 
| 
uae ne) 
& 
Pc ae 
| 
= 
Co 
——, 
— 
| 
| 
& 


| 

| 

| 
ca 
+ 


El(s*¥(s) — s*y(0) — s*y’(0) — sy’(0) — y"O)) = 


s s s? 


2wfl/2 1 1, 
a =< et] 


wate ae be 
Ss 


4y _ ” _ wm = 
or o¥s) = sO) = YO) = al gg 


If we let c; = y"(0) and c, = y’"(0), then 


Cc. C  2wlLi2 1. 1 ua 
Ys)=—z+ 4+ — sea 
(s) sv st a s sgh S 


and consequently 
Ce eer Be 
ya) = a4 (a}+es s4 
. ri U2 pif 2 al {= is {enh | 
EIL| 4! ci 5! 5° 5! s® 


L LY L 
Pr es ae ms E va o+(c- 4) au(x-4)) 
2 6 60EIL| 2 2 2 


Applying the conditions y(L) = 0 and y’(L) = 0 to the last result yields a system of equations 
for c, and c9: 


Lv LD? 49wL* | 


+ 
“19 * 2°76 * 1 990KT 
ie es 
eT eg BEG RT — 


Solving, we find c; = 23W9L7/960EI and c, = —9woL/40EI. Thus the deflection is 


23w lL? 3WoL L L\ L 
yx) = a xr — et = E xt = P+ (« = ) au(s = )I 
1920EI 8OEI 60EIL | 2 2 2 


REMARKS 


Outside the discussion of the Laplace transform, the unit step function is defined on the 
interval (—, ©), that is, 

0, ¢<@ 

ll, ¢ 2 @, 


ue — a) = { 


Using this slight modification of Definition 4.3.1, a special case of (12) when g(t) = 1 is 
sometimes called the boxcar function and denoted by 


Il@ = Ue — a) — UE — Db). 
See FIGURE 4.3.9. 
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| 4.3 Exercises Answers to selected odd-numbered problems begin on page ANS-9. 


4.3.1 Translation on the s-axis 
In Problems 1—20, find either F'(s) or f(t), as indicated. 


1. L{te!} 2. L{te™} 

3. L{Pe 4} 4. P{te-™} 

5. L{t(e! +e} 6. L{e%(t — 1)?} 
7. L{e' sin 32} 8. L{e* cos 41} 
9. L{(1 — e + 3e°*") cos 5t} 


10. £{er(9 — 4t+ 1osin)| 
oe f 
Gs > gee as oh 


‘ 
Lat 
a 


=1 


a 
& 


2s + 5 } 
s’ + 6s + 34 
coh 


29 = 1 ely: 
ae fBt} gy gif6rnh 
s(s + 1y (s + 2) 
In Problems 21-30, use the Laplace transform to solve the given 
initial-value problem. 
21. y'+4y=e™*, y0)=2 
22. y —y=1+te', y(0)= 


23. y’+2y'+y=0, yO=1, yO=1 
24, y"—4y'+ 4y=Pe", y0)=0, y'O)= 
25. y"—6y' + 9vy=t, yO)=0, yO)=1 
2. y"—4y' +4y=P, yO)=1, y'O)=0 
27. y" — 6y' + 13y=0, y0)=0, y'(O)=—- 


28. 2y"+ 20y’+ 5ly=0, ywO)=2, y'(O)= 
29. y’—y'=e'cost, yO)=0, y'(0)=0 
30. y’— 2y'+5y=1+14, yO)=0, ywO=4 


In Problems 31 and 32, use the Laplace transform and the 

procedure outlined in Example 10 to solve the given 

boundary-value problem. 

a. tay y= 0, yO)=2, y= 

32. y" + 8y' + 20y=0, y(0)=0, y (m7) = 

33. A 4-lb weight stretches a spring 2 ft. The weight is released 
from rest 18 in above the equilibrium position, and the 
resulting motion takes place in a medium offering a damp- 


ing force numerically equal to ; times the instantaneous 
velocity. Use the Laplace transform to find the equation of 
motion x(f). 

34. Recall that the differential equation for the instantaneous 
charge q(t) on the capacitor in an LRC-series circuit is 


=4 = E(t). (20) 
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See Section 3.8. Use the Laplace transform to find g(t) when 
L=1h,R= 200, C = 0.005 f, E(t) = 150 V, t > 0, g(0) = 
and i(0) = 0. What is the current i(t)? 

35. Consider the battery of constant voltage Ey that charges the 
capacitor shown in FIGURE 4.3.10. Divide equation (20) by L 
and define 2A = R/L and w” = 1/LC. Use the Laplace transform 
to show that the solution g(t) of g" + 2Aq' + w*q = Ep/L, 
subject to g(0) = 0, i(0) = 0, is 


ran - VN = wt 


+ — A sinh VF = ot), A>o 
VN - o 


q(t) = B,C —e™(1 + ro A=o 


Fe! - *(cos w — Mt 


+ ee Vw — x), A <a. 


wo — 


FIGURE 4.3.10 Circuit in Problem 35 


36. Use the Laplace transform to find the charge g(t) in an 
RC-series when q(0) = 0 and E(t) = Eve ™, k > 0. Consider 
two cases: k # 1/RC and k = 1/RC. 


4.3.2 Translation on the f-axis 
In Problems 37-48, find either F(s) or f(#), as indicated. 


37. L{(r-1)Ut—1)} Bes fe?! Ut — 2)} 
39. £{rU(t — 2)} 40. L(t + 1) U(r — 1} 
M. L{cos 2t U(t — )} 42. £{sintU(t — 7/2)} 


_ es _ (1 + ey 
43. £ | 3 } 44. £ i 


s+2 
af eo 
45. & \3 " 7 46. 


se —s/2 } 
a 
se a 
47. ¢ {| 48. ¢ {| 
s(s + 1) s(s-= 1) 
In Problems 49-54, match the given graph with one of the given 


functions in (a)—-(f). The graph of f(f) is given in FIGURE 4.3.11. 
LO 


a b 


FIGURE 4.3.11 Graph for Problems 49-54 


(a) f() —f@ We - a) 

(b) f(t — b) Wt — b) 

(c) f(t) U(t — a) 

(d) f) —f@ We — b) 

(ce) f) UG — a) -—fO WE d) 

) f@— a) UG= a) —fE=— a) UE= db) 


49. f(t) 50. fo {\ 
| 
f\  \ 
| | 
t i 1 
a b a b 


FIGURE 4.3.12 Graph for FIGURE 4.3.13 Graph for 
Problem 49 Problem 50 


51. fO 


MW 


| 
a b 


FIGURE 4.3.14 Graph for 
Problem 51 


52. fo) 


FIGURE 4.3.15 Graph for 
Problem 52 


53. f(t) 54. fO 


| 
| 
a b a b 


FIGURE 4.3.16 Graph for FIGURE 4.3.17 Graph for 
Problem 53 Problem 54 


In Problems 55-62, write each function in terms of unit step 
functions. Find the Laplace transform of the given function. 


2 0o=<=t<3 
55. Hn = 
fa) i“ = 
1 Osr<4 
56. f(t) = (0, 4=1t<5 
1, t=5 
0, Ost<1 
57 = 
FO 2 t=1 
0, Ost < 3n/2 
58. = 
fO ie t = 37/2 
ej r= fe 0<t<2 
_ 0, t=2 


sint, OSt< 27 


60. f(t) = { 


0, t=27 
61. 62. flr) ! 
2+ a | 
ane 
a 
1 2 3 4 


staircase function 


rectangular pulse 


FIGURE 4.3.18 Graph for FIGURE 4.3.19 Graph for 
Problem 61 Problem 62 


In Problems 63-70, use the Laplace transform to solve the given 
initial-value problem. 


0, Ost<il 


63. y" +y = f(t), y(0) = 0, where SO = . t=1 


1 Ost<il 
=f. t2=1 


a 
_ 


. y +y=f, yO) =0, where f(t) = { 


5. y’ +2y=f(), yO) =0, wh ro= {> eas 
. y y ; » ¥ > where | 0, t=1 


66. y’+ 4y=f(), yO) =0, y'(0) = —1, where 
1 Ost<l 
E — 
‘ t=1 


67. y’ + 4y =sintU(t— 27), yO) =1, y'(0) =0 
68. y” — 5y’ + by = U(t— 1), y(0) = 0, y'(0) = 1 
69. y’+y=f(, yO) =0, yO) = 1, where 


f-r) 


0, OsSt<7 
fo = $1, mwst<27 
0, t=27 


70. y" + 4y’ + 3y = 1 -— Wt - 2) — UW — 4) + UE — 6), 
y(0) = 0, y'(0) = 0 

71. Suppose a mass weighing 32 lb stretches a spring 2 ft. If 
the weight is released from rest at the equilibrium position, 
find the equation of motion x(t) if an impressed force 
f(t) = 20f acts on the system for 0 = ¢ < 5 and is then 
removed (see Example 5). Ignore any damping forces. Use 
a graphing utility to obtain the graph x(t) on the interval 
[0, 10]. 

72. Solve Problem 71 if the impressed force f(f) = sin ¢ acts on 
the system for 0 = t < 277 and is then removed. 


In Problems 73 and 74, use the Laplace transform to find the 

charge q(t) on the capacitor in an RC-series circuit subject to the 

given conditions. 

73. q(0) =0,R = 2.50, 
C = 0.08 f, E@) given 
in FIGURE 4.3.20 


74. q(O)=q,R = 100,C =0.1f, 
E(t) given in FIGURE 4.3.21 
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E(t) 


| 


(oe) _ 
~~ 


FIGURE 4.3.20 E(t) in 
Problem 73 


FIGURE 4.3.21 E(t) in 
Problem 74 


75. (a) Use the Laplace transform to find the current i(f) in a 


single-loop LR-series circuit when i(0) = 0, L = 1h, 
R= 10 Q, and E(f) is as given in FIGURE 4.3.22. 

(b) Use a computer graphing program to graph i(ft) 
for 0 = t = 6. Use the graph to estimate /,,,, and i,,;,, the 
maximum and minimum values of the current, 
respectively. 


min? 


sin t,O0<t< 32/2 


FIGURE 4.3.22 E(t) in Problem 75 


76. (a) Use the Laplace transform to find the charge g(t) on the 


capacitor in an RC-series circuit when g(0) = 0, R = 50Q, 
C = 0.01 f, and E(t) is as given in FIGURE 4.3.23. 

(b) Assume Ep = 100 V. Use a computer graphing program 
to graph q(t) forO =f <6. Use the graph to estimate qinax, 
the maximum value of the charge. 

E(t) 
Eot+ 


| 


FIGURE 4.3.23 E(2) in Problem 76 


77. A cantilever beam is embedded at its left end and free at its 


right end. Use the Laplace transform to find the deflection 
y(x) when the load is given by 
ea? 0<x<L1/?2 
We "NO, te er, 


78. 


79. 


80. 


81. 


Solve Problem 77 when the load is given by 
0, 0<x<L/3 
W(x) = {wo L/3 Sx < 2L/3 
0, 21L/3sx< L. 


Find the deflection y(x) of a cantilever beam embedded at its 
left end and free at its right end when the load is as given in 
Example 10. 

A beam is embedded at its left end and simply supported at 

its right end. Find the deflection y(x) when the load is as given 

in Problem 77. 

Cake Inside an Oven Reread Example 4 in Section 2.7 on 

the cooling of a cake that is taken out of an oven. 

(a) Devise a mathematical model for the temperature of a 
cake while it is inside the oven based on the following 
assumptions: At t = 0 the cake mixture is at the room 
temperature of 70°; the oven is not preheated so that at 
t = 0, when the cake mixture is placed into the oven, the 
temperature inside the oven is also 70°; the temperature 
of the oven increases linearly until t = 4 minutes, when 
the desired temperature of 300° is attained; the oven tem- 
perature is a constant 300° for t = 4. 

(b) Use the Laplace transform to solve the initial-value prob- 
lem in part (a). 


Discussion Problems 


82. 


83. 


Discuss how you would fix up each of the following functions 

so that Theorem 4.3.2 could be used directly to find the given 

Laplace transform. Check your answers using (16) of this 

section. 

(a) L{Qr+ I UEt- D} 

(b) L{e'U(t — 5)} 

(c) L{cos tU(t — zr)} 

(@) L{(e — 3) UG — 2)} 

(a) Assume that Theorem 4.3.1 holds when the symbol a is 
replaced by ki, where k is a real number and i? = —1. 
Show that & {te} can be used to deduce 

Ca 
(s? + KY 
2ks 
(sc? + ky 


L{t cos kt} = 
and L{tsin kt} = 


(b) Now use the Laplace transform to solve the initial-value 
problem 


x(0) = 0, x'(0) = 0. 


x" + w*x = cos wt, 


4. Additional Operational Properties 


INTRODUCTION _ Inthis section we develop several more operational properties of the Laplace 
transform. Specifically, we shall see how to find the transform of a function f(t) that is multiplied 
by amonomial t”, the transform of a special type of integral, and the transform of a periodic func- 
tion. The last two transform properties allow us to solve some equations that we have not encoun- 
tered up to this point: Volterra integral equations, integrodifferential equations, and ordinary 
differential equations in which the input function is a periodic piecewise-defined function. 
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4.4.1 Derivatives of Transforms 


Hi Multiplying a Function by t"” The Laplace transform of the product of a function f(t) 
with ¢ can be found by differentiating the Laplace transform of f(f). If F(s) = L£{f()} and if we 
assume that interchanging of differentiation and integration is possible, then 


“r= 2) espn ar= [2 tepolar=-[ eyftn dr = (e003 
ds ds Jo ds M 


0 


that is, gupoy = 2 £f@}. 
ds 
9 d 
Similarly, L(A) = L(t sf} = SLES} 
d d da 
= -£(-4 sif0}) = a2 EO 


The preceding two cases suggest the following general result for £{t"f(p)}. 


Theorem 4.4.1 Derivatives of Transforms 


If F(s) = £L{f@} and n = 1, 2, 3, ..., then 


n 


d 
ds” 


SAPO = (ey F(s). 


| EXAMPLE1 | Using Theorem 4.4.1 


Evaluate £{tsin kt}. 
SOLUTION With f(A) = sin kt, F(s) = k/(s* + k?), and n = 1, Theorem 4.4.1 gives 


d . d k 2ks 
L{t sin kt} = Fy eisin kt} ie (= ri =) ~ (se + Re 


If we wanted to evaluate & {t? sin kt} and L {13 sin kr}, all we need do, in turn, is take the nega- 
tive of the derivative with respect to s of the result in Example | and then take the negative of the 
derivative with respect to s of £{t7 sin kt}. 

To find transforms of functions t”e“ 
Theorem 4.4.1. For example, 


we can use either the first translation theorem or 


1 


s7|o4s-3. (9 — 3° 


Theorem 4.3.1: L{te*} = L{7,,,-3 = 


Note that either theorem could > 
be used. 


a ee 
ds 5 — 3 (s — 3)" 


d 
Theorem 4.4.1: Lf{te*} = —5, #{e} a 
s 


| EXAMPLE2 | An Initial-Value Problem 


Solve x" + 16x =cos4r, x(0)=0, x’(0) = 1. 


SOLUTION The initial-value problem could describe the forced, undamped, and resonant 
motion of a mass on a spring. The mass starts with an initial velocity of 1 foot per second in 
the downward direction from the equilibrium position. 

Transforming the differential equation gives 


S 


* + 16)X(s) = 1+ a : 
ea +16 (s? + 16) 


or X(s) = 


a 
s> + 16 
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Now we have just learned in Example | that 


2ks 
e{ 7s} = tsin kt, (1) 


and so with the identification k = 4 in (1) and in part (d) of Theorem 4.2.1, we obtain 


i 4 1 85 
= Gol } gol 
a {5 + =} 8 ia + =} 


1 1 
= —sin4t + —tsin4t. 
4 8 


4.4.2 Transforms of Integrals 


Hi Convolution If functions f and g are piecewise continuous on the interval [0, 00), then 
the convolution of fand g, denoted by the symbol f « g, is a function defined by the integral 


t 


f*e> | renee — tT) dt. (2) 
0 


Because we are integrating in (2) with respect to the variable 7 (the lowercase Greek letter tau), 
the convolution f « g is a function of t. To emphasize this fact, (2) is also written (f * g)(f). As 
the notation f « g suggests, the convolution (2) is often interpreted as a generalized product of 
two functions fand g. 


| EXAMPLE3 | Convolution of Two Functions 
Evaluate (a) e’* sint (b) Lf{e' x sint}. 
SOLUTION (a) With the identifications 


f@) = e', g(t) = sint and f(r) = e’, g(t — T) = sin(t — 7) 
it follows from (2) and integration by parts that 


t 
e'xsint = [e sin(t — 7) dt 
0 


1 T 4 T t 
= aie sin(t — T) + e cos(t — T)]p 


1 
3 (sine — cost + e’). (3) 
(b) Then from (3) and parts (c), (d), and (e) of Theorem 4.1.1 we find 


1 1 1 
L{e'* sint} = a L{sint} — 3 Heost} + 7 ele 


1 1 i Ss 1 1 
2s? +1 2s? +1 2s-—1 
1 


~ (s — 1s? + 1) 
It is left as an exercise to show that 


| f(r)gtt — 1) dr = | f(t — 7)g(7) dr, 
0 0 


that is, f+ ¢ = g « f In other words, the convolution of two functions is commutative. 


[| Convolution Theorem We have seen that if fand g are both piecewise continuous for 
t = 0, then the Laplace transform of a sum f+ g is the sum of the individual Laplace transforms. 
While it is not true that the Laplace transform of the product fg is the product of the Laplace 
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transforms, we see in the next theorem—called the convolution theorem—that the Laplace trans- 
form of the generalized product f * g is the product of the Laplace transforms of fand g. 


Theorem 4.4.2 Convolution Theorem 


If f(®) and g(t) are piecewise continuous on [0, oo) and of exponential order, then 


Li fxg} = L{FOJL{g(} = Fs) GO). 


PROOF: Let 


ee) fee) 


F(s) = L{fO} = | e“f(r)dr and G(s) = L{g()} = | e Pe(B) dp. 
0 


0 


Proceeding formally, we have 


F(s)G(s) = ( | e *f(7) ir) ( | a 9(p) ‘s) 
0 0 


| | e °*P f(r) 9(B) dr dB 
0 Jo 


ioe) 


= | ftayar| e*"*Pg(B) dp. 
0 


0 


Holding 7 fixed, we let tf = 7 + B, dt = dB, so that 


T:O0tot F(s)G(s) = | f(r) ar| e “g(t — 7) dt. 
0 T 
FIGURE 4.4.1 Changing order of In the t7-plane we are integrating over the shaded region in FIGURE 4.4.1. Since f and g are 
integration from t first to 7 first piecewise continuous on [0, oo) and of exponential order, it is possible to interchange the 


order of integration: 
F(s)G(s) = | e™ ail fee — T)dt = | od [fee - nie} dt= L{fxgl = 
0 0 0 0 


Theorem 4.4.2 shows that we can find the Laplace transform of the convolution f + g of two 


t 
functions without actually evaluating the definite integral | Jiv)g(t — 7) dr as we did in (3). The 
next example illustrates the idea. . 


| EXAMPLE4 | Using Theorem 4.4.2 


f 
Evaluate £ { | 
0 


SOLUTION This is the same as the transform & {e' « sint} that we found part (b) of 
Example 3. This time we use Theorem 4.4.2 that the Laplace transform of the convolution 
of f and g is the product of their Laplace transforms: 


e’sin(t — 7) ah. 


sr{| e’sin(t — 7) ar} = L{e'*sint} 
0 
L{e}- L{sint} 
1 1 
s-1 st +1 
_ 1 
(s — 1s? + 1) 
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]| Inverse Form of Theorem 4.4.2 The convolution theorem is sometimes useful in 
finding the inverse Laplace transforms of the product of two Laplace transforms. From 
Theorem 4.4.2 we have 


L'{F(s)G(s)} = fx g. (4) 


Many of the results in the table of Laplace transforms in Appendix III can be derived using (4). 
For instance, in the next example we obtain entry 25 of the table: 


L{sin kt — kt cos kt} ee (5) 
sin = COs = : 
(s? + k?)? 


| EXAMPLE5 | Inverse Transform as a Convolution 


_ 1 
Evaluate £ {oto} : 


SOLUTION Let F(s) = G(s) = 


+k 


that fo=e0=2 o } ii 
SO al a = sin 
ae 2e+es sk 


In this case (4) gives 


1 1[' 
care ri =} a =| sin kr sin k(t — T) dt. (6) 
0 


Now recall from trigonometry that 


1 
sin A sin B = 3 [cos (A — B) — cos (A + B)]. 


If we set A = kt and B = k(t — 7), we can carry out the integration in (6): 


- 1 1 f' 
2 ite ra a} ~ spi loosen — 9 — cost] dr 


t 


1/1 
a] isin k(2t — t) — tcoskt 
2k | 2k 7 


_ sinkt — ktcos kt 
2k? ; 
Multiplying both sides by 2k? gives the inverse form of (5). 


I| Transform of an Integral When g(1) = 1 and £{g(t)} = G(s) = 1/s, the convolution 
theorem implies that the Laplace transform of the integral of fis 


+ [ rvar} = /_ (7) 
0 S 


The inverse form of (7), 


[fear = gf FON (8) 
0 S 


CHAPTER 4 The Laplace Transform 


L 


| 
| 
Cc 


FIGURE 4.4.2 LRC-series circuit 


can be used in lieu of partial fractions when s” is a factor of the denominator and f(t) = £7 ' F(s)} 
is easy to integrate. For example, we know for f(t) = sin ¢ that F(s) = 1/(s* + 1), and so by (8) 


1 lis? + 1 : 
a 3 } = ca (s } = | sint dt = 1 — cost 
s(s~ + 1) 5 0 
1 I/s(s* + 1 ’ 
a oa } =f = } -[a — cost)dt = t — sint 
s(s° + 1) 5 0 


1 1/s*(s7 + 1 ‘ 1 
ca ae) } =o gi b= |G ~ sinz)de = he? = 1 + cost 
s(s° + 1) Ss 0 2 


and so on. 


]| Volterra Integral Equation The convolution theorem and the result in (7) are useful 
in solving other types of equations in which an unknown function appears under an integral sign. 
In the next example, we solve a Volterra integral equation for f(d), 


t 


fO = gO + | fon — 7) dr. (9) 
0 


The functions g(t) and h(t) are known. Notice that the integral in (9) has the convolution form 
(2) with the symbol / playing the part of g. 


| EXAMPLE6 | An Integral Equation 


ig 


Solve f(t) = 3 —e'— | frye" dr for f(t). 

0 
SOLUTION In the integral we identify h(t — rT) = e'~’ so that h(t) = e'. We take the Laplace 
transform of each term; in particular, by Theorem 4.4.2 the transform of the integral is the 
product of £{ f()} = F(s) and £{e'} = 1s — 1): 


1 
= Fe —— 


Fs) = 3-5 - 
. s st] s—] 


After solving the last equation for F(s) and carrying out the partial fraction decomposition, 
we find 


Fs) Gk 2 
a rr 


The inverse transform then gives 


_ =1 2! = =i 3! = i. _ = 1 
py = 3942 th {Th og 1 | 


=37?-24+1-2e7% = 


il Series Circuits Ina single-loop or series circuit, Kirchhoff’s second law states that the 
sum of the voltage drops across an inductor, resistor, and capacitor is equal to the impressed 
voltage E(t). Now it is known that the voltage drops across an inductor, resistor, and capacitor 
are, respectively, 


ine Rit) d ak )d 
ay) » and — , 
r i C by T) dt 


where i(f) is the current and L, R, and C are constants. It follows that the current in an LRC-series 
circuit, such as that shown in FIGURE 4.4.2, is governed by the integrodifferential equation 


Eo +R +a i dr = E (10) 
a i(t) C a 7 = E(t). 
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| EXAMPLE7 | An Integrodifferential Equation 


Determine the current i(f) in a single-loop LRC-circuit when L = 0.1 h, R= 20, C = 0.1 f, 
i(O) = 0, and the impressed voltage is 


E(t) = 120¢ — 120¢U(t — 1). 


SOLUTION Using the given data, equation (10) becomes 
di : - 
0.1 a +2i+ 10) i(r) dr = 120t — 1200U(t — 1). 
0 


Now by (7), £{ fo i(7) dr} = I(s)/s, where I(s) = £ {i(t)}. Thus the Laplace transform of the 
integrodifferential equation is 


1 


2 


I(s) 
O.1sl(s) + 21(s) + 10 


1 1 
= 120| ge e-*]-<by 16 oF Seton 4.3 
s S 
Multiplying this equation by 10s, using s* + 20s + 100 = (s + 10)’, and then solving for J(s) 
gives 


1 1 1 
Ks) = 1200 = “8 = |, 
(s) — +102 s(st+l102 (s+ 10) | 


By partial fractions, 


1/100 ~—- 1/100 1/10 1/100 
I(s) = 1200] = = rae e- 
s s+10  (s + 10) s 
1/100 _, WG. 1 
eo. a Se ee ee 
sy +10 (s + 10)° (s + 10) 


From the inverse form of the second translation theorem, (15) of Section 4.3, we finally obtain 


i(t) = 12[1 — Ut — 1)] —12fe™ — ee — 1) 


20 pr an an — 120re~' — 1080(t — Le" Pt — 1). 


Written as a piecewise-defined function, the current is 


12 — 12e7!" — 1208 mae O=t<il 
i(t) = { . (11) 


—12e7 1% + 12¢e~!-D — 120%e- 1" — 1080(¢ — NeW", ¢=1, 


Using the last form of the solution and a CAS, we graph i(f) on each of the two intervals and 


FIGURE 4.4.3 Graph of current i(t) in (11) then combine the graphs. Note in FIGURE 4.4.3 that even though the input (4) is discontinuous, 
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the output or response i(f) is a continuous function. = 


[| Post Script—Green’s Function Redux By applying the Laplace transform to the 
initial-value problem 


y" + ay’ + by=f@, yO) = 0, y'(0) = 0, 
where a and b are constants, we find that the transform of y(A) is 


F(s) 


Ys) = =, 
(s) sotast+b 


where F(s) = L£{ f(t)}. By rewriting the foregoing transform as the product 


1 
Y(s) = =———_F 
) sotast+b ts) 
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we can use the inverse form of the convolution theorem (4) to write the solution of the IVP as 
t 
yf) = | g(t — tT) f(t) dr, (12) 
0 


where ar } = g(t) and £'{F(s)} = f(t). On the other hand, we know from 


so tas+b 
(9) of Section 3.10 that the solution of the IVP is also given by 


y(t) = i G(t, T) f(r) dr, (13) 


where G(t, 7) is the Green’s function for the differential equation. 
By comparing (12) and (13) we see that the Green’s function for the differential equation is 


1 
related to £7! ar yg eed = g(t) by 


G(t, T) = g(t — 7). (14) 


For example, for the initial-value problem y" + 4y = f(f), y(O) = 0, y'(0) = 0 we find 


1 1 
of : :} = 5 sin 21 = g(t). 


In Example 4 of Section 3.10, the > Thus from (14) we see that the Green’s function for the DE y" + 4y = f() is Gt, T) = g(t — T) = 


roles of the symbols x and t are lo: = : : 
pinged by) rand qacsecinc id 7 Sin 2(t — 7). See Example 4 in Section 3.10. 


this discussion. 


REMARKS 


Although the defining integral in the Laplace transform was known and used for a long time 
prior to the twentieth century, it was not used to solve differential equations. The fact that we 
use the Laplace transform today to solve a variety of equations is actually due to Oliver 
Heaviside (see page 229). In 1893, Heaviside invented an operational calculus for solving 
differential equations encountered in electrical engineering. Heaviside was no mathematician, 
and his procedures for solving differential equations were formal manipulations or procedures 
lacking mathematical justification. Nonetheless, these procedures worked. In an attempt to 
put his operational calculus on a sound foundation, mathematicians discovered that the rules 
of his calculus matched many properties of the Laplace transform. Over time, Heaviside’s 
operation calculus disappeared, to be replaced by the theory and applications of the Laplace 
transform. 

You should verify either by substitution in the equation or by the method of Section 2.3 
that y(f) = Ce ee du is a perfectly good solution of the linear initial-value problem 
y’ + y = e’, y(O) = 0. We now solve the same equation with a formal application of the 
Laplace transform. If we denote £{y}= Y(s) and & fer } = F(s), then the transform of the 
equation is 


F(s) 


s¥(s) — y(O) + Y¥(s) = F(s) or Y(s) = eae 


Using £-'{F(s)} = e* and a 


convolution theorem that the solution of the initial-value problem is 


a \ = e ‘it follows from the inverse form (4) of the 
iS 


1 ae eS 
y(t) = £1) Ry} = [e se 6dr = "| et +r. 
gar Il hy Fe 


With 7 playing the part of u, this is the solution as first given. Do you see anything strange in 
this solution method of the IVP? 
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4.4.3 Transform of a Periodic Function 


Il Periodic Function If a periodic function fhas period T, T > 0, then f(t + T) = f(t). The 
Laplace transform of a periodic function can be obtained by integration over one period. 


Theorem 4.4.3 Transform of a Periodic Function 


If f(D is piecewise continuous on [0, oo), of exponential order, and periodic with period T, then 
Th 


1 
Lfe)} = =| e “f(t) dt. 


PROOF: Write the Laplace transform of f as two integrals: 
T co 
£LfO} = | f(t) dt + | f(t) dt. 
0 T 
When we let t = u + T, the last integral becomes 


| ef t)dt = | et Fy + T)du = e*| e"F(u) = e TL f(D}. 
0 


si 0 


T 


Therefore L{f)} = | e"£(t) dt + e TL fit}. 
‘0 


Solving the equation in the last line for £{ f(4)} proves the theorem. = 


E(t) | EXAMPLES | 8 Transform of a Periodic Function 


Find the Laplace transform of the periodic function shown in FIGURE 4.4.4. 


| 
| 


= p+} + SOLUTION The function E(1) is called a square wave and has period T = 2. For0 =f < 2, 
| 1 2 3 4 E(t) can be defined by 
FIGURE 4.4.4 Square wave in Example 8 E(t) = i. Ost<il 
0, lst<2, 


and outside the interval by f(t + 2) = f(t). Now from Theorem 4.4.3, 


1 2 iT 1 2 
L{E(t)} = sss] e “E(t)dt = ll e“-ldt+ | oot 
—e “Jy le lo 1 


1 L=e° 5 
= leo . <«l-e*=(+e*\1-e°*) 
1 
= —___ 15) = 
sl +e) ue) 


| EXAMPLE9 | A Periodic Impressed Voltage 


The differential equation for the current i(f) in a single-loop LR-series circuit is 


di 
L— + Ri = E(t). 16 
BO (16) 
Determine the current i(f) when i(0) = 0 and E(2) is the square-wave function given in Figure 4.4.4. 
SOLUTION Using the result in (15) of the preceding example, the Laplace transform of the 
DE is 


noe Os ee 
ae a ee: OPES ee ey Ibe 


(17) 
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To find the inverse Laplace transform of the last function, we first make use of geometric 
series. With the identification x = e °, s > 0, the geometric series 


1 2 3 1 =5 —2s —3s 
S 1H ex Sa becomes’ ~~ le re Se ae 
1+x l+e* 
1 LIR LIR 
From = 


> 


s(s+R/IL) Ss s+RIL 


we can then rewrite (17) as 


I(s) “(2 1 Ja —ecs+ a “35 4 oe) 
 R\s 5 + RIL - 


1 
fo + - 
) ie s+ RIL s+ RIL s+ RIL 


= ~25 -33 
1 e° e* e~> 


By applying the form of the second translation theorem to each term of both series we 


obtain 


w= 21 — Ut — 1) + UF = 2) — We = 3) + ~~) 


R 


FIGURE 4.4.5 Graph of current i(f) in 


(es 


Example 9 


or, equivalently, 


1 
i = 70 


12 
= e Ril) en Picea _ e Reo miLy ou (¢ —n). 
n=1 


-1 (erm _ e Rt“ DLa(E == 1) + e RO WLAE = 2) _ e RSL _ 3) + ) 


To interpret the solution, let us assume for the sake of illustration that R = 1, L = 1, and 


0 =t< 4. In this case 


i) =1-et- Ue) Ur D+ = eo?) UE = 2) — =e) UE = 3); 


in other words, 


te Ost<i 
ap tas etd, 1st<2 
i(t) = teeta gel. ge 2=21<3 

-ette@ Det De) Z51r<4. 


The graph of i(¢) for 0 = t < 4, given in FIGURE 4.4.5, was obtained with the help of a CAS. 


(18) 


| 4.4 Exercises Answers to selected odd-numbered problems begin on page ANS-9. 


4.4.1 


Derivatives of Transforms 


In Problems 1-8, use Theorem 4.4.1 to evaluate the given 
Laplace transform. 


1. L{te 2. L{re'} 

3. L{t cos 2r} 4. L£{t sinh 3r} 
5. L£{t sinh rt} 6. L{t? cost} 

7. Lf te” sin 6r} 8. L{te cos 31} 


In Problems 9-14, use the Laplace transform to solve the given 


initial-value problem. Use the table of Laplace transforms in 
Appendix III as needed. 


y(0) = 0 

10. y' —y=re'sint, y(0)=0 

11. y’ + 9y = cos 3t, y(0) =2, y'(0) =5 
y(0) = 1, yO) = -1 


9 y' +y=rsint, 


12. y"+y=sint, 
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13. y’ + l6y=f@, yO) =0, y’(O) = 1, where 


cos4t, O0OSt<7 
LM -{ 


0, t=7 


14. y+ y=f(H, yO) = 1, y'(O) = 0, where 


o={h 0O<t< 7/2 
f sin f, t= 7/2 


In Problems 15 and 16, use a graphing utility to graph the 
indicated solution. 

15. y(t) of Problem 13 for0 St < 27 

16. y(t) of Problem 14 for0 = t < 37 


In some instances the Laplace transform can be used to solve 
linear differential equations with variable monomial 
coefficients. In Problems 17 and 18, use Theorem 4.4.1 to 
reduce the given differential equation to a linear first-order DE 
in the transformed function Y(s) = L{y(t)}. Solve the first-order 
DE for Y(s) and then find y(t) = L7'{ ¥(s)}. 

17. ty’ —y' =2f, y0)=0 

18. 2y" + ty’ — 2y = 10, yO) =y'(0) =0 


4.4.2 Transforms of Integrals 


In Problems 19-22, proceed as in Example 3 and find the 
convolution f * g of the given functions. After integrating find 
the Laplace transform of f* g. 


19. f(t) = 4t, g(t) = 327 
a. fon =e gt) =e' 
In Problems 23-34, proceed as in Example 4 and find the Laplace 


transform of f* g using Theorem 4.4.2. Do not evaluate the 
convolution integral before transforming. 


20. f(t) =tg0H =e 
22. f(t) = cos2t, g(t) = e' 


23. L{l xP} 24. L{t? x te’} 

25. Lfe'« e' cos t} 26. L{e™ « sin t} 
27. {| evar} 28. #}| cos dr} 
0 0 
29. s{ | e-rcosrar} 30. se{ | rsinz ar} 
0 0 


31. se{ | rear} 32. {| sin T cos(t — ode} 
0 0 

33. rao sin dr} 34. tr] ter} 
0 0 


In Problems 35-38, use (8) to evaluate the given inverse transform. 


35. eft} 36. e{ | 
s(s — 1) s(s — 1) 


37. e{ i} 38. e{—_} 
s(s — 1) s(s — ay 


39. The table in Appendix III does not contain an entry for 
¢- , 8k°s \ 
(s? + kJ 


246 | CHAPTER 4 The Laplace Transform 


(a) Use (4) along with the result in (5) to evaluate this inverse 
transform. Use a CAS as an aid in evaluating the convo- 
lution integral. 

(b) Reexamine your answer to part (a). Could you have 
obtained the result in a different manner? 

40. Use the Laplace transform and the result of Problem 39 to 
solve the initial-value problem 


y’+y=sint+tsint, yO)=0, y’(0) =0. 


Use a graphing utility to graph the solution. 


In Problems 41-50, use the Laplace transform to solve the given 
integral equation or integrodifferential equation. 


t 


41. f(t) + fu —T)f(t)dt =t 
0 


t 


42. f(t) = 2-4 | sin tf(t — 7)dr 


0 


t 


43. f(t) = te’ + | — t)dt 
0 


t 


44. f(t) + 2[ ne) cos(t — t)dr = 4e' + sint 
0 


t 


45. f(t) + [fener = 1 
0 


t 


46. f(t) = cost + [ev — T)dt 


0 


a7. fi) =1+t— | (r — f(r)dr 
0 


t 


48. ¢ — 2f(t) = le —e )f(tt — t)dr 
0 


49. y'(t) = 1 — sint — | yemer, y(0) = 0 
0 


d 
50. os + 6y(t) + 9 ear =1, 0) =0 
0 


In Problems 51 and 52, solve equation (10) subject to (0) = 0 
with L, R, C, and E(t) as given. Use a graphing utility to graph 
the solution for0 =¢ <3. 
51. L=0.1h, R=30,C = 0.05 f, 
E(t) = 100[U(t — 1) — Ut — 2)] 
52. L = 0.005 h, R = 10, C = 0.02 f, 
E(t) = 100[¢ — (¢ — 1) UG — 1] 
53. The Laplace transform L{e~*} exists, but without finding it 
solve the initial-value problem 


y" + 9y = 3e", y) = 0, y'(0) = 0. 


54. Solve the integral equation 


i 


fo =e + e'[ eer. 
0 


4.4.3 Transform of a Periodic Function 


In Problems 55—60, use Theorem 4.4.3 to find the Laplace 
transform of the given periodic function. 


55. f(t) 


Meander function 


FIGURE 4.4.6 Graph for Problem 55 


56. f(t) 


Square wave 


FIGURE 4.4.7 Graph for Problem 56 


57. f(t) 


AYA 


| 
b 3b 4b 


Sawtooth function 


FIGURE 4.4.8 Graph for Problem 57 


58. f(t) 


Triangular wave 


FIGURE 4.4.9 Graph for Problem 58 


59. ff) 
1 


Full-wave rectification of sin ¢ 


FIGURE 4.4.10 Graph for Problem 59 


60. ff 
1 


Half-wave rectification of sin t 


FIGURE 4.4.11 Graph for Problem 60 


In Problems 61 and 62, solve equation (16) subject to i(0) = 0 

with E(f) as given. Use a graphing utility to graph the solution 

for 0 St S 4 in the case when L = 1 andR = 1. 

61. E(t) is the meander function in Problem 55 with amplitude 1 
anda = 1. 

62. E(t) is the sawtooth function in Problem 57 with amplitude 1 
and b = 1. 


In Problems 63 and 64, solve the model for a driven spring/mass 
system with damping 


m—, + B t kx = f(t), x0) = 0, x'(0) = 0, 


where the driving function fis as specified. Use a graphing 
utility to graph x(t) for the indicated values of t. 


63. m= 5, B = 1,k =5, fis the meander function in Problem 55 
with amplitude 10, anda = 7,0 St 27. 

64. m= 1, B =2,k = 1, fis the square wave in Problem 56 with 
amplitude 5, anda =7,0=1t<4z7. 


Discussion Problems 


65. Show how to use the Laplace transform to find the numerical 


value of the improper integral | te ~‘sin4tdt. 


0 
66. In Problem 53 we were able to solve an initial-value problem 
without knowing the Laplace transform £{e ag }. In this prob- 
lem you are asked to find the actual transformed function 

Y(s) = £{e~*} by solving another initial-value problem. 

(a) Ify = e~*, then show that y is a solution of the initial- 
value problem 

a Loge. asi 
dt ae a : 

(b) Find ¥(s) = £{e~*} by using the Laplace transform to 
solve the problem in part (a). [Hint: First find Y(O) by 
rereading the material on the error function in Section 2.3. 
Then in the solution of the resulting linear first-order DE 
in Y(s) integrate on the interval [0, s]. It also helps to use a 
dummy variable of integration. ] 


67. Discuss how Theorem 4.4.1 can be used to find 


fin’ = a} 
stl] 


68. Bessel’s differential equation of order n = 0 is 


ty’ + y' + ty=0. 

We shall see in Section 5.3 that a solution of the initial-value prob- 
lem ty” + y' + ty = 0, y(0) = 1, y'(0) = Ois y = JA), called the 
Bessel function of the first kind of order v = 0. Use the procedure 
outlined in the instructions to Problems 17 and 18 to show that 
eee 

Vs +1 

[Hint: You may need to use Problem 52 in Exercises 4.2. Also, 
it is known that Jo(0) = 1.] 


L{I(O} = 
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69. (a) Laguerre’s differential equation 
ty’+ (1 — dy’ +ny =0 


is known to possess polynomial solutions when n is a 
nonnegative integer. These solutions are naturally 
called Laguerre polynomials and are denoted by L,,(¢). 
Find y = L,(¢), for n = 0, 1, 2, 3, 4 if it is known that 
E,(0) = 1. 


(b) Show that 


a 


t a” 
+= re = Y(s), 
n! dt" 


where Y(s) = L£{y} and y = L,(f) is a polynomial solution 
of the DE in part (a). Conclude that 


t n 


L,@) = — 
= a 


He. n=.0, Wes 


Computer Lab Assignments 


70. In this problem you are led through the commands in 
Mathematica that enable you to obtain the symbolic Laplace 
transform of a differential equation and the solution of the 
initial-value problem by finding the inverse transform. In 
Mathematica the Laplace transform of a function y(4) is obtained 
using LaplaceTransform [y[t], t, s]. In line two of the syntax, we 


replace LaplaceTransform [y[t], t, s] by the symbol Y. (/f you 

do not have Mathematica, then adapt the given procedure by 

finding the corresponding syntax for the CAS you have on hand.) 
Consider the initial-value problem 


y' + 6y' + 9y=rsint, y(0)=2, y'(0) =-1. 


Precisely reproduce and then, in turn, execute each line in the 
given sequence of commands. Either copy the output by hand 
or print out the results. 
diffequat = y"[t] + 6y’[t] + 9y[t] == t Sin[t] 
transformdeq = LaplaceTransform [diffequat, t, s]/. 
{y[0] — > 2, y’[0] — > -1, 
LaplaceTransform [y[t], t, s] — > Y} 
soln = Solve[transformdegq, Y] // Flatten 
Y = Y/. soln 
InverseLaplaceTransforn VY, s, t] 
71. Appropriately modify the procedure of Problem 70 to find a 
solution of 


y” + 3y’ — 4y =0, yO) =0, y'(0) =0, y"(0) = 1. 
72. The charge g(#) on a capacitor in an LC-series circuit is given by 


d’q 


i +q=1-4UW(t-— 7) + 6U(t — 377), gO) = 0, g’(0) = 0. 


Appropriately modify the procedure of Problem 70 to find 
q(t). Graph your solution. 


1a — 45 The Dirac Delta Function 
| | 
| | _ 
fm fo fo — INTRODUCTION Just before the Remarks on page 223, we indicated that as an immediate 
(a) consequence of Theorem 4.2.3, F(s) = 1 cannot be the Laplace transform of a function f that is 
piecewise continuous on [0, co) and of exponential order. In the discussion that follows we are 
) r going to introduce a function that is very different from the kinds that you have studied in previ- 
1 ous courses. We shall see that there does indeed exist a function, or more precisely a generalized 
function, whose Laplace transform is F(s) = 1. 
Il 
Il 
Hi Unit Impulse Mechanical systems are often acted on by an external force (or emf in an 
Ie electrical circuit) of large magnitude that acts only for a very short period of time. For example, 
| | a vibrating airplane wing could be struck by lightning, a mass on a spring could be given a sharp 
oe blow by a ball peen hammer, a ball (baseball, golf ball, tennis ball) could be sent soaring when 
Ira struck violently by some kind of club (baseball bat, golf club, tennis racket). The graph of the 
piecewise-defined function 
tt | 0, 0=f<h =a 
Bene 1 
ecw to) = » fy -aSt<ht+a (1) 
I ot ttleot ol 2a 
| | | ! 0, t=t+a, 
I ot yt tt 
r : — a > 0, f > 0, shown in FIGURE 4.5.1(a), could serve as a model for such a force. For a small value of a, 


(b) Behavior of 6, as a > 0 


FIGURE 4.5.1 Unit impulse 
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6,(t — fo) is essentially a constant function of large magnitude that is “on” for just a very short period of 
time, around f). The behavior of 6,(t¢ — to) as a— 0 is illustrated in Figure 4.5.1(b). The function 
6,(t — f) is called a unit impulse since it possesses the integration property [7°6,(¢ — f) dt = 1. 


J The Dirac Delta Function Inpractice it is convenient to work with another type of unit 
impulse, a “function” that approximates 6,(t — fj) and is defined by the limit 


S(t — to) = lim 5,(t — to). (2) 
a0 


The latter expression, which is not a function at all, can be characterized by the two properties 


(i) 6(t — ft) = { and = (ii) | O(t — to) dt = 1. 
0 


wo, t= fo 
0, t# ty 


The unit impulse 6(f — f9) is called the Dirac delta function. 


It is possible to obtain the Laplace transform of the Dirac delta function by the formal assump- 
tion that £{6(t — fo)} = lim, 9 L{6,(t — t)}. 


Theorem 4.5.1 Transform of the Dirac Delta Function 


For fy) > 0, L{S(t — p)} =e-™. (3) 


PROOF: To begin, we can write 6,(t — fo) in terms of the unit step function by virtue of (11) and 
(12) of Section 4.3: 


1 
Blt — be) = 5 [U(t — (fy — a)) — Ut — ( + a))]. 


By linearity and (14) of Section 4.3, the Laplace transform of this last expression is 


1 eto ~ @) e S(o+ a) et a, e 4 
LAE (t — tp} = vi = | = e( ) (4) 


AY AY 


Since (4) has the indeterminate form 0/0 as a > 0, we apply L’ H6pital’s rule: 


£{8(t — t)} = lim L{5,(t — t)} = e-™ lim (=) = e~%, 
a0 Si 


a0 a 


Now when f) = 0, it seems plausible to conclude from (3) that 
L{S(H} =1. 


The last result emphasizes the fact that 6(/) is not the usual type of function that we have been 
considering, since we expect from Theorem 4.2.3 that £{ f()} > 0 as soo. 


| EXAMPLE1 | Two Initial-Value Problems 


Solve y" + y = 46(f — 277) subject to 

(a) yO) =1, y')=0 (b) y(0) =0, y'(0) = 0. 

The two initial-value problems could serve as models for describing the motion of a mass on 
a spring moving in a medium in which damping is negligible. At t = 27 the mass is given a 
sharp blow. In part (a) the mass is released from rest | unit below the equilibrium position. In 
part (b) the mass is at rest in the equilibrium position. 


SOLUTION (a) From (3) the Laplace transform of the differential equation is 


de =2i8 


Ky 
+ . 
st] st) 


s’¥(s) —s + ¥(s)=4e 7" or Ys) = 


Using the inverse form of the second translation theorem, (15) of Section 4.3, we find 


y(t) = cost + 4 sin(t — 277) U(t — 277). 
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y Since sin(t — 27r) = sin f, the foregoing solution can be written as 


= ae t, 0Ost<27 (5) 


cost + 4sinft, t= 27. 


In FIGURE 4.5.2 we see from the graph of (5) that the mass is exhibiting simple harmonic motion 
until it is struck at t = 277. The influence of the unit impulse is to increase the amplitude of 
vibration to V17 for t > 277. 


(b) In this case the transform of the equation is simply 


FIGURE 4.5.2 In Example 1(a), moving 4e~27s 
mass is struck at t = 27 Y(s) = 3 > 
soot 1 
y and so y(t) = 4 sin(t — 277) U(t — 277) 
_ . 0<t<27 (6) 
4 sin ft, t= 27. 


The graph of (6) in FIGURE 4.5.3 shows, as we would expect from the initial conditions, that 
the mass exhibits no motion until it is struck at t = 277. = 


REMARKS 
FIGURE 4.5.3 In Example 1(b), mass is at (i) If 5(t — t)) were a function in the usual sense, then property (ii) on page 249 would imply 
rest until struck at t = 27 J°6(t — fo) dt = Orather than J3°6(t — tf) dt = 1. Since the Dirac delta function did not “behave” 


like an ordinary function, even though its users produced correct results, it was met initially with 
great scorn by mathematicians. However, in the 1940s Dirac’s controversial function was put 
on a rigorous footing by the French mathematician Laurent Schwartz in his book Théorie des 
distributions, and this, in turn, led to an entirely new branch of mathematics known as the 
theory of distributions or generalized functions. In this theory, (2) is not an accepted definition 
of 6(t — fo), nor does one speak of a function whose values are either oo or 0. Although we shall 
not pursue this topic any further, suffice it to say that the Dirac delta function is best character- 
ized by its effect on other functions. If fis a continuous function, then 


| f(D A(t — to) dt = f(t) (7) 
0 


can be taken as the definition of 6(t — tp). This result is known as the sifting property since 
O(t — fy) has the effect of sifting the value f(¢,) out of the set of values of fon [0, 00). Note that 
property (ii) (with f(t) = 1) and (3) (with f() = e ™) are consistent with (7). 

(ii) In the Remarks in Section 4.2 we indicated that the transfer function of a general linear 
nth-order differential equation with constant coefficients is W(s) = 1/P(s), where P(s) = 
a,s" + a,—,s" | + +++ + do. The transfer function is the Laplace transform of function w(t), 
called the weight function of a linear system. But w(t) can be characterized in terms of the 
discussion at hand. For simplicity let us consider a second-order linear system in which the 
input is a unit impulse at ¢ = 0: 


ay’ +ay' +ay=d(t), yO)=0, y(0)=0. 


Applying the Laplace transform and using £{6(t)} = 1 shows that the transform of the 
response y in this case is the transfer function 


1 1 
as? +ast+da)  P(s) 


1 
= W(s) andso y= cae = w(t). 


Y(s) 


From this we can see, in general, that the weight function y = w(t) of an nth-order linear 
system is the zero-state response of the system to a unit impulse. For this reason w(f) is called 
as well the impulse response of the system. 
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| 4.5 — Exercises Answers to selected odd-numbered problems begin on page ANS-10. 


In Problems 1-12, use the Laplace transform to solve the given 
differential equation subject to the indicated initial conditions. 


1. y'—3y=8¢-2), yO) =0 

y'ty=8G-1, yO=2 

. y +y=6(t—27), y(0)=0,y'(0) = 1 

. y' + l6y = &(t— 27), yO) =0,y'(0) =0 

. y+ y = &(t — W/2) + S(t — 37/2), y(0) = 0, y'0) = 0 

. yi ty = Ot — 27) + Ot — 47), yO) = 1, y'(0) = 0 

9 +2y' = 66-1), 0) =0,y'O=1 

. y" —2y'=14+ 60-2), yO) =0,y'0) =1 

. y’ + 4y’ + Sy = 6(t — 27), y(0) = 0, y'(0) =0 

. y+ 2y’+y=8(t-1), yO) =0,y'0)=0 

_ y' + 4y' + 13y = 6 — 7) + 8-377), (0) = 1, yO) =0 
12, y"— Ty’ + 6y =e + 8G — 2) + A — 4), yO) =0,y') = 0 


oconwri now FF Ww NY 


= — 
= © 


In Problems 13 and 14, use the Laplace transform to solve the 
given initial-value problem. Graph your solution on the interval 
[0, 87r]. 


12. y’ ty = St — km), yO) = 0,y'(0) = 1 
k=1 


14. y” + y = S(t — 2k), yO) = 0,y’O) = 1 
k=1 


In Problems 15 and 16, a uniform beam of length L carries a 
concentrated load wo at x = 5L. Solve the differential equation 
d*y f 
ae eg W(x — 5L), O<x<L, 
Ix 


subject to the given boundary conditions. 


15. y(0) = 0, y'(0) = 0, y"(L) = 0, y"(L) = 0 


FIGURE 4.5.4 Beam embedded at its 
left end and free at its right end 


16. y(0) = 0, y’(0) = 0, y(L) = 0, y'(L) = 0 


FIGURE 4.5.5 Beam embedded at both ends 


Discussion Problems 


17. Someone tells you that the solutions of the two IVPs 
y+ 2y' + 10y=0, (0) = 0, y'(0) = 1 
and y" + 2y' + 10y = 6(), + y(0) = 0, y’(0) = 0 


are exactly the same. Do you agree or disagree? Defend your 
answer. 

18. Reread (i) in the Remarks at the end of this section. Then use 
the Laplace transform to solve the initial-value problem: 


y” + 4y' + 3y = e'6(t — 1), y(O) = 0, y’(O) = 2. 


Use a graphing utility to graph y(t) forO St = 5. 


46 Systems of Linear Differential Equations 


INTRODUCTION When initial conditions are specified, the Laplace transform reduces a 
system of linear differential equations with constant coefficients to a set of simultaneous algebraic 
equations in the transformed functions. 


Hi Coupled Springs In our first example we solve the model 


mxi = —kix, + k(x — x) a) 


MzX3 = —ky(X_ — X1) 


that describes the motion of two masses m, and m, in the coupled spring/mass system shown in 


Figure 3.12.1 of Section 3.12. 


Example 4 of Section 3.12 Revisited 


Use the Laplace transform to solve 


xi + 10x, — 4x, = 0 


(2) 


—4x,+ x3+4x,=0 


4.6 Systems of Linear Differential Equations | 251 


FIGURE 4.6.1 Electrical network 
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subject to x,(0) = 0, x;/(0) = 1, x.(0) = 0, x3(0) = —1. This is system (1) with k, = 6, ky = 4, 
m, = 1, and my = 1. 


SOLUTION The transform of each equation is 
s°X,(s) — sx,(0) — x1(0) + 10X,(s) — 4X,(s) = 0 
—AX,(s) + s’X,(s) — sx,(0) — xi(0) + 4X,(s) = 0, 
where X,(s) = L{x,(t)} and X,(s) = L£{x,(t)}. The preceding system is the same as 


(s? + 10)X,(s) — 4X,(s) = 1 


; (3) 
—4X(s) + (s? + 4)X,(s) = -1. 


Solving (3) for X;(s) and using partial fractions on the result yields 


s? 1/5 6/5 
2 2 2 +3 ? 
(s* + 2)(s~ + 12) sot2 gsi +12 


X\(s) = 


and therefore 


eee v2 6 {ve 
a 7 an vag sy 


2 3 
= 8 V2t + NB in 2V3t. 


Substituting the expression for X;(s) into the first equation of (3) gives us 


st+6 2/5 3/5 
X,(s) = 2 2 =~ — 9 
(s? + 2)(s? + 12) +2 52+ 12 
2 2 Wie 
and x(t) = -256{ a } aoe ar 5 } 
sve sy +2 5V12 se + 12 


2 3 
22 sin V2t — “a sin 2V3t. 
5 10 
Finally, the solution to the given system (2) is 
2 3 
x(t) = -2 sin V2t + SB in 2V3t 
(4) 


pl 
a= sin V2t - = 2V3t. 


The solution (4) is the same as (14) of Section 3.12. 


Hi Networks In(18) of Section 2.9 we saw that currents i ,(2) and i,(t) in the network contain- 
ing an inductor, a resistor, and a capacitor shown in FIGURE 4.6.1 were governed by the system of 
first-order differential equations 
pe 4 Ri E(t) 
— = Fy 
a 
5 
rc@ + ip - i, =0 " 
a tp) 1, ‘ 


We solve this system by the Laplace transform in the next example. 
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FIGURE 4.6.2 Double pendulum 


| EXAMPLE2 | An Electrical Network 
Solve the system in (5) under the conditions E(t) = 60 V, L = 1h, R= 500, C = 10°“ f, and 
the currents i, and i, are initially zero. 


SOLUTION We must solve 


di, 
— + 50i, = 60 
dt 
_4 di oo, 
50(10 ras i - i, =0 


subject to 7,(0) = 0, 1,(0) = 0. 
Applying the Laplace transform to each equation of the system and simplifying gives 


60 
sI,(s) + 501,(s) = m7 


—200/,(s) + (s + 200)L(s) = 0, 


where J,(s) = L£{i,(t)} and L(s) = £{i,(1)}. Solving the system for /, and J, and decomposing 
the results into partial fractions gives 


60s + 12,000 6/5 6/5 60 
I(s) a 5 ~ ~ 2 
s(s + 100) Ss s+ 100 (s + 100) 
12,000 6/5 6/5 120 
L(s) = = 


s(s+ 1002 s  s+100 (s+ 100) 


Taking the inverse Laplace transform, we find the currents to be 


es 


abi — 60te ~ 10% 


i@ = 


i(t) = 


NID wl 


—_ ae = 120te~ 10, = 


Note that both 7,(4) and i,(¢) in Example 2 tend toward the value E/R = g as t— oo. Furthermore, 
since the current through the capacitor is i3(f) = i,(t) — in(f) = 60te~ 1007 we observe that i;(t) > 0 
as [> ow. 


il Double Pendulum As shown in FIGURE 4.6.2, a double pendulum oscillates in a vertical 
plane under the influence of gravity. For small displacements 0,(t) and 6,(f), it can be shown that 
the system of differential equations describing the motion is 

(m, + m)iF 4 + m31,1,05 + (m, + m,)l,g0, = 0 


(6) 
my130% + my1,1L0) + mlg6, = 0. 


As indicated in Figure 4.6.2, 0, is measured (in radians) from a vertical line extending downward 
from the pivot of the system and 6, is measured from a vertical line extending downward from the 
center of mass m,. The positive direction is to the right and the negative direction is to the left. 


| EXAMPLE3 | Double Pendulum 


It is left as an exercise to fill in the details of using the Laplace transform to solve system (6) 
when m, = 3, m) = 1, 1; = L, = 16, 6,(0) = 1, 0,(0) = —1, 6;(0) = 0, and 63(0) = 0. You 
should find that 


6,(t) : Be 2t 
1 = Bs Fs 


(7) 


3 
t — =cos 2t. 
2 


on 1 -) 
= COs 
aa 
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With the aid of a CAS, the positions of the two masses at t = 0 and at subsequent times are 
shown in FIGURE 4.6.3. See Problem 23 in Exercises 4.6. 


ee 


(a) 


(d) 


=0 
“7 


(b) 


P=) 


p= 2S) 
(c) 

P= 5) ] 
(f) 


(e) 


FIGURE 4.6.3 Positions of masses at various times in Example 3 


Answers to selected odd-numbered problems begin on page ANS-10. 


In Problems 1-12, use the Laplace transform to solve the given 
system of differential equations. 


1. 


dx 


= -x+ 2. — =2y+e! 
dt Ore dt ake 
d d 
cae 2x ae 8x —¢t 
dt dt 
x(0) = 0, yO) = 1 x(0) = 1, y(0) = 1 
dx dx dy 
—=x-2y 4. —+3x+—=1 
dt dt dt 
dy dx dy 
—_ “== a + =_— t 
dt = dt ss dt oo 
x(0) = —1, y(O) = 2 x(0) = 0, y(0) = 0 

d. d d 
pags 6 § Beg eee 

dt at dt d 

dx dy dx dy 

+ @ 2 T t 2: 

dt dt af = Sy dt dt 70 
x(0) = 0, yO) = 0 x(0) = 0, y(0) = 1 
Leen, le, 
eo ‘ dt? dt at 
d* d d d. 
a ty-x=0 yy ~~ 4" =9 
dt dt dt dt 
x(0) = 0, x’(0) = —2, x(0) = 1, x'(0) = 0, 
y(0) = 0, y'(0) = 1 y(0) = -1, y'(0) =5 
d’ d d3 

is ea 1? 0, 4x —~ =6sint 
dt~ dt” dt 
dx d’ d a> 
oF ao aa tog 352 =H 
dt dt dt dt 


x(0) = 8, x’(0) = 0, 
y(0) = 0, yO) = 0 
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x(0) = 0, y(0) = 0, 
y'(0) = 0, yO) = 0 
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11. 


13. 


14. 


d°*x ly dx 

+ + 3y = . —=4x—2y+ - 
Pe a 3y=0 12 4x — 2y + 2U(t - 1) 
d°x dy 
—+3y=te! —=3x-yt+U(t—-—1 
ee a aoe ( ) 
x(0) = 0, x'(0) = 2, x(0) = 0, y(0) = 4 
y(0) = 0 


Solve system (1) when k, = 3, ky = 2, m, 1 and 


x,(0) = 0, x,(0) = 1, x,(0) = 1, x3(0) = 0. 


i My 


Derive the system of differential equations describing the 
straight-line vertical motion of the coupled springs shown in 
equilibrium in FIGURE 4.6.4. Use the Laplace transform to solve 
the system when k, = 1, ky = 1, k3 = 1, m, = 1, m, = | and 
x,(0) = 0, x1(0) = —1, x,(0) = 0, x3(0) = 1. 


FIGURE 4.6.4 Coupled springs in Problem 14 


15. (a) Show that the system of differential equations for the 


16. 


17. 


18. 


19. 


currents i,(t) and i3(f) in the electrical network shown in 
FIGURE 4.6.5 is 


iy Ds. Ri, + Ri; = E(t) 
dt 
Lb as Ri, + Ri; = E(t). 
ae 3 


(b) Solve the system in part (a) if R = 5 0, L; = 0.01 h, 
L, = 0.0125 h, E = 100 V, i,(0) = 0, and i;(0) = 0. 
(c) Determine the current i,(f). 


Ly 


FIGURE 4.6.5 Network in Problem 15 


IQ) 
0 


(a) In Problem 14 in Exercises 2.9 you were asked to show 
that the currents i,(t) and i,(¢) in the electrical network 
shown in FIGURE 4.6.6 satisfy 


ee ee E(t) 
dt dt aa 
diy di, 1. 
R, + R, +—i., = 0. 
dt dt C 


Solve the system if R; = 100, R, =50,L = 1h, 
C=0.2f, 


120, Ost<2 
E(t) = 
0, P=2. 


i,(0) = 0, and i,(0) = 0. 
(b) Determine the current i,(f). 


FIGURE 4.6.6 Network in Problem 16 


Solve the system given in (17) of Section 2.9 when R; = 6, 
R,=50,L, = 1h, L, = 1h, E@ = 50 sin rV, i,(0) = 0, and 
i,(0) = 0. 

Solve (5) when E = 60 V,L = +h, R =500,C = 10*f, 
i,(0) = 0, and i,(0) = 0. 

Solve (5) when E = 60 V, L = 2h, R = 500, C = 10°“f, 
i,(0) = 0, and 7,(0) = 0. 


20. (a) Show that the system of differential equations for the 


charge on the capacitor g(t) and the current /3(f) in the 
electrical network shown in FIGURE 4.6.7 is 


gee. - + Ri; = E(t) 
dt C ‘ 

18 + Ri ee 
dt . C 


(b) Find the charge on the capacitor when L = 1h, R, = 10, 
R,=10,C=1f, 


0, 
E(t) = 
@ a 


0<t<il 
t=1, 


i,(0) = 0, and g(0) = 0. 


NN 


FIGURE 4.6.7 Network in Problem 20 


Mathematical Models 


21. Range of a Projectile—No Air Resistance 


If you worked 
Problem 23 in Exercises 3.12, you saw that when air resis- 
tance and all other forces except its weight w = mg are 
ignored, the path of motion of a ballistic projectile, such 
as acannon shell, is described by the system of linear dif- 
ferential equations 


d’x 
m 2 
dt“ 


d’y 
Praia 
dt’ 


(8) 


= —mg. 


(a) If the projectile is launched from level ground with an 
initial velocity vy assumed to be tangent to its path of 
motion or trajectory, then the initial conditions accom- 
panying the system are x(0) = 0, x’(0) = vgcos 8, y(0) = 
0, y’(0) = vo sin@ where vo = ||vol| the initial speed is 
constant and @ is the constant angle of elevation of the 
cannon. See Figure 3.R.5 in The Paris Guns problem on 
page 206. Use the Laplace transform to solve system (8). 

(b) The solutions x(t) and y(t) of the system in part (a) are 
parametric equations of the trajectory of the projectile. 
By using x(t) to eliminate the parameter ¢ in y(t) show 
that the trajectory is parabolic. 

(c) Use the results of part (b) to show that the horizontal range 
R of the projectile is given by 


v9 


R = — sin20. (9) 
&§ 
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(d 


a 


(e) 


(f) 


(g) 


From (9) we not only see that R is a maximum when @ = 
q/4 but that a projectile launched at distinct complemen- 
tary angles 6 and 77/2 — @ has the same submaximum 
range. See FIGURE 4.6.8. Use a trigonometric identity to 
prove this last result. 

Show that the maximum height H of the projectile is 
given by 


(10) 


Suppose g = 32 ft/s*, 9 = 38°, and vy = 300 ft/s. Use 
(9) and (10) to find the horizontal range and maximum 
height of the projectile. Repeat with 9 = 52° and 
vo = 300 ft/s. 

Because formulas (9) and (10) are not valid in all cases 
(see Problem 22), it is advantageous to you to remember 
that the range and maximum height of a ballistic projectile 
can be obtained by working directly with x(7) and y(d), that 
is, by solving y(t) = 0 and y'(f) = 0. The first equation 
gives the time when the projectile hits the ground and the 
second gives the time when y(f) is a maximum. Find these 
times and verify the range and maximum height obtained 
in part (e) for the trajectory with 8 = 38° and vp = 300 ft/s. 
Repeat with 6 = 52°. 

With g = 32 ft/s”, 0 = 38° and vp = 300 ft/s use a graph- 
ing utility or CAS to plot the trajectory of the projectile 
defined by the parametric equations x(f) and y(t) in 
part (a). Repeat with 6 = 52°. Using different colors 
superimpose both curves on the same coordinate 
system. 


FIGURE 4.6.8 Projectiles in Problem 21 


22. Range of a Projectile—With Linear Air Resistance In The 
Paris Guns problem on pages 206-207, the effect that 
nonlinear air resistance has on the trajectory of a cannon shell 
was examined numerically. In this problem we consider linear 
air resistance on a projectile. 


(a) 


256 


Suppose that air resistance is a retarding force tangent to 
the path of the projectile but acts opposite to the motion. 
If we take air resistance to be proportional to the velocity 
of the projectile, then from Problem 24 of Exercises 3.12 
the motion of the projectile is described by the system of 
linear differential equations 
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(b) 


(c) 


(d 


wa 


dt? dt 
: (11) 
a = —mg — a 
dt* ° dt’ 


where § > 0 is aconstant. Use the Laplace transform to 
solve system (11) subject to the initial conditions in part 
(a) of Problem 21. 

Suppose m = ;slug, g = 32 ft/s”, B = 0.02, 6 = 38°, 
and vy = 300 ft/s. Use a calculator or CAS to approx- 
imate the time when the projectile hits the ground and 
then compute x(f) to find its corresponding horizontal 
range. 

The complementary-angle property in part (c) of 
Problem 21 does not hold when air resistance is taken 
into consideration. To show this, repeat part (b) using the 
complementary angle 9 = 52° and compare the horizon- 
tal range with that found in part (b). 

With m = slug, g = 32 ft/s’, B = 0.02, 6 = 38°, and 
Vo = 300 ft/s, use a graphing utility or CAS to plot the 
trajectory of the projectile defined by the parametric 
equations x(t) and y(t). Repeat with 6 = 52°. Using dif- 
ferent colors, superimpose both of these curves along 
with the two curves in part (g) of Problem 21 on the 
same coordinate system. 


Computer Lab Assignment 


23. (a) 


(b) 


(c) 


(d) 


(e) 


(f) 


Use the Laplace transform and the information given in 
Example 3 to obtain the solution (7) of the system given 
in (6). 

Use a graphing utility to plot the graphs of 0,(7) and 6,(f) 
in the 10-plane. Which mass has extreme displacements 
of greater magnitude? Use the graphs to estimate the 
first time that each mass passes through its equilibrium 
position. Discuss whether the motion of the pendulums 
is periodic. 

As parametric equations, graph (ft) and 6,(f) in the 
0,6-plane. The curve defined by these parametric equa- 
tions is called a Lissajous curve. 

The position of the masses at t = 0 is given in 
Figure 4.6.3(a). Note that we have used | radian ~ 57.3°. 
Use a calculator or a table application in a CAS to con- 
struct a table of values of the angles 6, and 6, for 
t= 1,2,..., 10 seconds. Then plot the positions of the 
two masses at these times. 

Use a CAS to find the first time that 0,(t) = 0@,(t) and 
compute the corresponding angular value. Plot the posi- 
tions of the two masses at these times. 

Utilize a CAS to also draw appropriate lines to simulate 
the pendulum rods as in Figure 4.6.3. Use the animation 
capability of your CAS to make a “movie” of the motion 
of the double pendulum from ¢ = 0 to tf = 10 using a time 
increment of 0.1. [Hint: Express the coordinates 
(x,(f), y,(t)) and (x,(t), y.(t)) of the masses m, and my, 
respectively, in terms of 6,(f) and 6,(f).] 


In Problems 1| and 2, use the definition of the Laplace transform 
to find £{ fp}. 
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t Ost<l De Die 
1. po={' =" 2. f@=41, 2=r<4 
2=t, t2=1 0 fed 


In Problems 3-24, fill in the blanks or answer true/false. 

3. If fis not piecewise continuous on [0, oo), then L { f(A} will 
not exist. 

4. The function f(f) = (e’)'° is not of exponential order. 

5. F(s) = s*/(s? + 4) is not the Laplace transform of a function 
that is piecewise continuous and of exponential order. 

6. If £{f(} = F(s) and L{g(1)} = G(s), then £7 '{ F(s)G(s)} = 
fg). —__ 


7 LfeM= 8 L{te "} = 
9. L{sin 2r} = 10. L{e™ sin 2t} = 
11. L{tsin 2t} = 12. L{sin2rU(t — 7)} = 


2 1 
ore weft. 
3s -— 1 


a ea — 
ae aa 
ev -—5 
Wo fs 
s? — 10s + 29 
wos —_ 
19 gifs e, ate 
, str = 


1 
20. £7! } = 
im + nar OO 


21. L{e ™} exists for s > 
22. If £{ f()} = F(s), then L{te* f())} = 
23. If £{f(t)} = F(s) andk > 0, then {eft - HUT -} = 


24. {| enreer} = ______ whereas {er payar = 
0 0 


In Problems 25—28, use the unit step function to write down an 
equation for each graph in terms of the function y = f(t) whose 
graph is given in FIGURE 4.R.1. 


y=fO 


FIGURE 4.R.1 Graph for Problems 25-28 


Answers to selected odd-numbered problems begin on page ANS-10. 


25. » 
| 
| 
10 ; 


FIGURE 4.R.2 Graph for Problem 25 


26. 
| 
| 
1 : 


FIGURE 4.R.3 Graph for Problem 26 


nf 


FIGURE 4.R.4 Graph for Problem 27 


28. y 
a 
| | 
I | 
| | 
t 
to ty 


FIGURE 4.R.5 Graph for Problem 28 


27. 


In Problems 29-32, express fin terms of unit step functions. 
Find £{f())} and L{e'f(}. 


29. f(0) 


FIGURE 4.R.6 Graph for Problem 29 
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30. f() 


31. fO 


32. 


FIGURE 4.R.9 Graph for Problem 32 


In Problems 33 and 34, sketch the graph of the given function. 
Find £{f(}. 


33. f= —-1+ 25 (pu —k 
k=1 


34. f(t) = S (2k +1 — pW — 2k) — Wr - 2k - 1] 


k=0 


In Problems 35-40, use the Laplace transform to solve the given 
equation. 


35. y’—2y’ +y=e', y(0)=0, y'(0)=5 
36. y" — 8y’' + 20y= te’, yO)=0, y'(0) =0 
37. y’ + 6y’ + 5y=r—1U(t— 2), yO)=1, y'(0)=0 


t, Ost<l 


; 0)=1 
0, — y(0) 


38. y’ — Sy = f(t), where f(t) = { 


t 


39. y(t) =cost + | y(7) cos(t— T) dt, y(0) = 1 
0 


‘~ 


0. | fa) ft — 7) dr = 68° 
0 
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In Problems 41 and 42, use the Laplace transform to solve each 


system. 
M. x'+y=t 42. x" + y" =e"! 
4x + y' =0 2x! + y" = —e7! 
x(0) = 1, y(0) = 2 x(0) = 0, (0) = 0 
x'(0) = 0, y'(0) = 0 
43. The current i(f) in an RC-series circuit can be determined from 


44. 


45. 


46. 


47. 


the integral equation 
1 t 
Ri + | i(t) dt = E(), 
Cho 


where E(f) is the impressed voltage. Determine i(t) when 
R=100,C =0.5f, and E(t) = 2(t? + 2). 

A series circuit contains an inductor, a resistor, and a capaci- 
tor for which L = +h, R=10Q, and C = 0.01 f, respectively. 


The voltage 
10, Oosx=t<5 
E(t) = 
0, t=) 


is applied to the circuit. Determine the instantaneous charge 
q(t) on the capacitor for t > 0 if g(0) = 0 and q'(0) = 0. 

A uniform cantilever beam of length L is embedded at its left 
end (x = 0) and is free at its right end. Find the deflection y(x) 
if the load per unit length is given by 


co Bfh ee e-8) 


When a uniform beam is supported on an elastic foundation 
the differential equation for its deflection y(x) is given by 


EI a» + ky (x) 

Sok = wa), 

dx* 

where k is the modulus of the foundation and —ky is the restoring 
force of the foundation that acts in the direction opposite to 
that of the load w(x). For algebraic convenience, suppose the 
differential equation is written as 


4. WO) 
Pe es aT a 
where a = (k/4ED"*. Assume L = 7 and a = 1. Use the 
Laplace transform and the table of Laplace transforms in 
Appendix III to find the deflection y(x) of a beam that is sup- 
ported on an elastic foundation when the beam is simply sup- 
ported at both ends and the load w(x) is aconstant w» uniformly 
distributed along its length. 
Use the Laplace transform and the table of Laplace transforms 
in Appendix II to find the deflection y(x) of a beam that is 
supported on an elastic foundation as in Problem 46 when the 
beam is embedded at both ends and the load w(x) is a constant 
Wy concentrated at x = 7/2. 


48. (a) Suppose two identical pendulums are coupled by means 


of a spring with constant k. See FIGURE 4.R.10. Under 
the same assumptions made in the discussion preced- 
ing Example 3 in Section 4.6, it can be shown that when 
the displacement angles 6,(t) and 6,(t) are small, the 
system of linear differential equations describing the 
motion is 


as © k 
Oy + re -_ a — 6) 


es ee eee 
2 es me 9) 


Use the Laplace transform to solve the system where 
0,(0) = 6, 8, (0) = 0, 8,(0) = Wo, €5(0) = 0, where 0) and 
Wo are constants. For convenience, let w” = g/l, K = k/m. 


(b) Use the solution in part (a) to discuss the motion of the 


coupled pendulums in the special case when the initial 
conditions are 6,(0) = 45, 8 (0) = 0, 8,(0) = 4, 65(0) = 0. 
When the initial conditions are 0,(0) = 49, 0; (0) = 0, 
6,(0) = —Oo, 65(0) = 0. 


FIGURE 4.R.10 Coupled pendulums in Problem 48 
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CHAPTER 


Up to this point we primarily have 
solved differential equations of 
order two or higher when the 
equation was linear and had 
constant coefficients. In 
applications, linear second-order 
equations with variable 
coefficients are as important as 
differential equations with 
constant coefficients. The only 
linear DEs with variable 
coefficients considered so far 
were the Cauchy-Euler equations 
(Section 3.6). In this chapter we 
will see that the same ease with 
which we solved second-order 
Cauchy-Euler equations does not 
carry over to even an 
unpretentious second-order 
equation with variable 
coefficients such as y” — xy = 0. 
We will see that solutions of this 
DE are defined by infinite series. 


Series Solutions of 


Linear Differential 
Equations 


CHAPTER CONTENTS 


5.1 Solutions about Ordinary Points 
5.1.1 Review of Power Series 
5.1.2 Power Series Solutions 
5.2 Solutions about Singular Points 
5.3 Special Functions 
5.3.1 Bessel Functions 
5.3.2 Legendre Functions 
Chapter 5 in Review 


a-R a a+R 


(a) (a—R, a +R), series 
diverges at both endpoints 


a-R a a+R 


(b) [a—R, a + R], series 
converges at both endpoints 


a-R a a+R 


(c) (a—R,a +R], series 
converges at right endpoint 
and diverges at left endpoint 


a-R a a+R 


(d) [a—R, a + R), series 
converges at left endpoint 
and diverges at right endpoint 


FIGURE 5.1.1 Intervals of convergence 
forR >0 


| Solutions about Ordinary Points 


INTRODUCTION In Section 3.3 we saw that solving a homogeneous linear DE with con- 
stant coefficients was essentially a problem in algebra. By finding the roots of the auxiliary 
equation we could write a general solution of the DE as a linear combination of the elementary 
functions x*, x‘e**, x‘e*cos Bx, and x‘e“sin Bx, k a nonnegative integer. But as pointed out in 
the introduction to Section 3.6, most linear higher-order DEs with variable coefficients cannot 
be solved in terms of elementary functions. A usual course of action for equations of this sort is 
to assume a solution in the form of infinite series and proceed in a manner similar to the method 
of undetermined coefficients (Section 3.4). In this section we consider linear second-order DEs 
with variable coefficients that possess solutions in the form of power series. 


5.1.1 Review of Power Series 


Recall from calculus that a power series in x — a is an infinite series of the form 
sce —ay'=ate(x—a)t+e(e-—alrt-. 
n=0 


Such a series is also said to be a power series centered at a. For example, the power 
series (x + 1)” is centered at a = —1. In this section we are concerned mainly with power 
series in x; in other words, power series such as See Wy" = x + 2x? + 4° + ++: that are 
centered at a = 0. The following list summarizes some important facts about power series. 


¢ Convergence A power series > 9c,(x — a)" is convergent at a specified value of x if its 
sequence of partial sums {S,(x)} converges; that is, if limy_,., Sy(x) = limy_,,, ©*_9c, (x — a)” 
exists. If the limit does not exist at x, the series is said to be divergent. 

¢ Interval of Convergence Every power series has an interval of convergence. The interval 
of convergence is the set of all real numbers x for which the series converges. 

¢ Radius of Convergence Every power series has a radius of convergence R. If R > 0, then 
a power series >)7_9c,(x — a)” converges for lx — al < R and diverges for lx — al > R. 
If the series converges only at its center a, then R = 0. If the series converges for all x, then 
we write R = oo. Recall that the absolute-value inequality lx — al < R is equivalent to the 
simultaneous inequality a — R< x < a+ R. A power series may or may not converge at 
the endpoints a — R anda + R of this interval. FIGURE 5.1.1 shows four possible intervals 
of convergence for R > 0. 

¢ Absolute Convergence Within its interval of convergence a power series converges 
absolutely. In other words, if x is a number in the interval of convergence and is not an 
endpoint of the interval, then the series of absolute values >; olc,(x — a)"l converges. 

e RatioTest Convergence of power series can often be determined by the ratio test. Suppose 
that c, # 0 for all n, and that 


+1 
line C41 — a)" Ch+1 


n—oo 


= |x — al lim =L. 


n—-oco 


n 
C,(x — a) n 


If L < | the series converges absolutely, if L > 1 the series diverges, and if L = | the test 
is inconclusive. For example, for the power series >); _, (x — 3)"/2"n the ratio test gives 


= Ix — 3! lim ———~ = =x - 331. 
(x — 3)"/2"n malty. 2 


n—-oo 


(x — 3)" 1/2"4 (q+ ”| n 1 


The series converges absolutely for $ lx — 31 < 1 or ly — 31 <2 or 1 <x <5. This last 
interval is referred to as the open interval of convergence. The series diverges for 
lx — 3] > 2, that is, for x > 5 or x < 1. At the left endpoint x = | of the open interval of 
convergence, the series of constants }_ , ((— 1)"/n) is convergent by the alternating series 
test. At the right endpoint x = 5, the series 4, (1/n) is the divergent harmonic series. 
The interval of convergence of the series is [1, 5) and the radius of convergence is R = 2. 
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e A Power Series Defines a Function A power series defines a function f(x) = 
>} 0 n(x — a)" whose domain is the interval of convergence of the series. If the radius 
of convergence is R > 0, then fis continuous, differentiable, and integrable on the interval 
(a — R,a + R). Moreover, f’(x) and f f (x) dx can be found by term-by-term differentiation 
and integration. Convergence at an endpoint may be either lost by differentiation or gained 
through integration. If y=? 9c,,x” is a power series in x, then the first two derivatives 
are y’ => nx" | and y” => on(n — 1x". Notice that the first term in the first 
derivative and the first two terms in the second derivative are zero. We omit these zero 
terms and write 


y= Srenx"! and y" = Ye,n(n — x"? (1) 
n=2 


n=1 


These results are important and will be used shortly. 

¢ Identity Property If S>~oc,(x — a)" = 0, R > 0, for all numbers «x in the interval of 
convergence, then c, = 0 for all n. 

e AnalyticataPoint A function/is analytic at a point a if it can be represented by a power 
series in x — a with a positive radius of convergence. In calculus it is seen that functions 
such as e*, cos x, sin x, In(x — 1), and so on, can be represented by Taylor series. Recall, 
for example, that 


a pee ging = ¢— 2 $= a cox = 1 - | = es, (2) 
1! 2! 3! 3! 2! 4! 6! 


for lxl < oo. These Taylor series centered at 0, called Maclaurin series, show that e*, sin x, 
and cos x are analytic at x = 0. 

e Arithmetic of Power Series Power series can be combined through the operations of 
addition, multiplication, and division. The procedures for power series are similar to the 
way in which two polynomials are added, multiplied, and divided—that is, we add coef- 
ficients of like powers of x, use the distributive law and collect like terms, and perform 
long division. For example, using the series in (2), 


. a x a ae 
e*“sinx = ea aa ads x + _ a2 


6 24 6 120 5040 
1 1 1 
=(r+@e+(-bed)es (bette (E-+a)es 
6 2 6 120 12 24 
x? x 
=xtrP4+2—-—- 
3 30 


Since the power series for e* and sin x converge for |x| < oo, the product series converges 
on the same interval. Problems involving multiplication or division of power series can be 
done with minimal fuss using a computer algebra system. 


Il Shifting the Summation Index For the remainder of this section, as well as this 
chapter, it is important that you become adept at simplifying the sum of two or more power series, 
each series expressed in summation (sigma) notation, to an expression with a single >. As 
the next example illustrates, combining two or more summations as a single summation often 
requires a reindexing, that is, a shift in the index of summation. 


| EXAMPLE1 | Adding Two Power Series 


Write 


ee) 


co 

- + 

> n(n — 1)c,x" 2 -— > eat 
n=0 


n=2 


as one power series. 
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Important. > SOLUTION In order to add the two series, it is necessary that both summation indices start with 
the same number and that the powers of x in each series be “in phase’; that is, if one series starts 
with a multiple of, say, x to the first power, then we want the other series to start with the same 
power. Note that in the given problem, the first series starts with x°, whereas the second series 
starts with x!. By writing the first term of the first series outside of the summation notation, 


series starts with series starts with 
x forn = 3 x forn =0 
1 + 
CO [o.e} co Cc 
Yan — 1c,x"* - pe as = 2-1ex® + Yan — 1)c,x"-* - See. 
n=2 n=0 n=3 n=0 


we see that both series on the right side start with the same power of x, namely, x'. Now to 
get the same summation index we are inspired by the exponents of x; we let k = n — 2 in the 
first series and at the same time let k = n + 1 in the second series. The right side becomes 


4 same 4 
2en Skee ES Dex” = Sex” (3) 
se — = 


Remember, the summation index is a “dummy” variable; the fact that k = n — 1 in one 
case and k = n + | in the other should cause no confusion if you keep in mind that it is the 
value of the summation index that is important. In both cases k takes on the same successive 
values k = 1, 2, 3,... when n takes on the values n = 2, 3, 4,... fork =n — 1 and 
n= 0, 1, 2,... fork =n + 1. We are now in a position to add the series in (3) term by term: 


Sn = Ye,x"? — Sie,"** = 2c, + SK + DE + Ves = Gil (4) = 
n=2 n=0 k=1 


If you are not convinced of the result in (4), then write out a few terms on both sides of the 
equality. 


5.1.2. Power Series Solutions 


Hi A Definition Suppose the linear second-order differential equation 
ay(x)y" + ay(x)y' + dg(x)y = 0 (5) 


is put into standard form 
y" + Pay’ + O@)y = 0 (6) 
by dividing by the leading coefficient a(x). We make the following definition. 


Definition 5.1.1 Ordinary and Singular Points 


A point xy is said to be an ordinary point of the differential equation (5) if both P(x) and Q(x) 
in the standard form (6) are analytic at x). A point that is not an ordinary point is said to be a 
singular point of the equation. 


Every finite value of x is an ordinary point of y” + (e*)y’ + (sin x)y = 0. In particular, x = 0 
is an ordinary point, since, as we have already seen in (2), both e* and sin x are analytic at this 
point. The negation in the second sentence of Definition 5.1.1 stipulates that if at least one of 
the functions P(x) and Q(x) in (6) fails to be analytic at x9, then xp is a singular point. Note that 
x = Ois a singular point of the differential equation y” + (e")y’ + (In x)y = 0, since Q(x) = Inx 
is discontinuous at x = 0 and so cannot be represented by a power series in x. 


Hi Polynomial Coefficients We shall be interested primarily in the case in which (5) has 
polynomial coefficients. A polynomial is analytic at any value x, and a rational function is analytic 
except at points where its denominator is zero. Thus, if a(x), a,(x), and do(x) are polynomials 
with no common factors, then both rational functions P(x) = a,(x)/ax(x) and Q(x) = ao(x)/ay(x) 
are analytic except where a(x) = 0. 
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It follows, then, that x = xg is an ordinary point of (5) if a(x) # 0, whereas x = xo is a 
singular point of (5) if ax(xp) = 0. 


For example, the only singular points of the equation (x* — 1)y" + 2xy’ + 6y = O are solutions of 
x° — 1 =Oorx = +1. Allother finite values* of x are ordinary points. Inspection of the Cauchy— 
Euler equation ax*y" + bxy’ + cy = 0 shows that it has a singular point at x = 0. Singular points 
need not be real numbers. The equation (x* + 1)y” + xy’ — y = Ohas singular points at the solutions 
of x? + 1 = 0; namely, x = +i. All other values of x, real or complex, are ordinary points. 

We state the following theorem about the existence of power series solutions without proof. 


Theorem 5.1.1 Existence of Power Series Solutions 


If x = xp is an ordinary point of the differential equation (5), we can always find two linearly 
independent solutions in the form of a power series centered at xp; that is, y= >> 9¢,(x — Xo)". 
A series solution converges at least on some interval defined by lx — xol < R, where R is the 
distance from Xp to the closest singular point. 


yl 142i A solution of the form y = Sy 9c,(x — Xo)" is said to be a solution about the ordi- 
nary point x). The distance R in Theorem 5.1.1 is the minimum value or lower bound for 
the radius of convergence. For example, the complex numbers | + 2i are singular points of 
(x? — 2x + 5)y" + xy’ — y = 0, but since x = 0 is an ordinary point of the equation, Theorem 5.1.1 
+\Vvs5 guarantees that we can find two power series solutions centered at 0. That is, the solutions look 
like y = >> c,x”, and, moreover, we know without actually finding these solutions that each 


t= series must converge at least for |x| < V5, where R = V5 is the distance in the complex plane 
FIGURE 5.1.2 Distance from ordinary from 0 to either of the numbers 1 + 27 or 1 — 27. See FIGURE 5.1.2. However, the differential 
point 0 to singular points equation has a solution that is valid for much larger values of x; indeed, this solution is valid 


on the interval (—oo, oo) because it can be shown that one of the two solutions is a polynomial. 
In the examples that follow, as well as in Exercises 5.1, we shall, for the sake of simplicity, 
All the power series solutions > only find power series solutions about the ordinary point x = 0. If it is necessary to find a power 
will be centered at 0. series solution of an ODE about an ordinary point x) # 0, we can simply make the change of 
variable t = x — Xq in the equation (this translates x = x, to t = 0), find solutions of the new 

equation of the form y = >> c,,t”, and then resubstitute t = x — x9. 

Finding a power series solution of a homogeneous linear second-order ODE has been 
accurately described as “the method of undetermined series coefficients,” since the proce- 
dure is quite analogous to what we did in Section 3.4. In brief, here is the idea: We substitute 
y = >-oc,x" into the differential equation, combine series as we did in Example 1, and then 
equate all coefficients to the right side of the equation to determine the coefficients c,. But since 
the right side is zero, the last step requires, by the identity property in the preceding bulleted 
list, that all coefficients of x must be equated to zero. No, this does not mean that all coefficients 
are zero; this would not make sense, because after all, Theorem 5.1.1 guarantees that we can 
find two linearly independent solutions. Example 2 illustrates how the single assumption that 
y= D9, X" = Cy + Cx + Cox” + +++ leads to two sets of coefficients so that we have two 
distinct power series y,(x) and y,(x), both expanded about the ordinary point x = 0. The general 
solution of the differential equation is y = C,y,(x) + C,y,(x); indeed, if y,(0) = 1, yj/(0) = 0, and 
y(0) = 0, y5(0) = 1, then C, = cy and C, = c,. 


| EXAMPLE2 | Power Series Solutions 


Solve y"—xy=0. 


SOLUTION Since there are no finite singular points, Theorem 5.1.1 guarantees two power 
series solutions, centered at 0, convergent for |x| < oo. Substituting y = S79 c,.x" and the 
second derivative y’ = >> n(n — 1)c, x” 7 (see (1)) into the differential equation gives 


co co CO [o.e) 
yay = Seni = Ie? = 2 ex = Sonn = 13" = Sex™.. 0) 
n=0 n=2 n=0 


n=2 


*For our purposes, ordinary points and singular points will always be finite points. It is possible for an 
ODE to have, say, a singular point at infinity. 
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This formula is called > 
a two-term recurrence 
relation. 


Now we have already added the last two series on the right side of the equality in (7) by shift- 
ing the summation index in Example 1. From the result given in (4), 


y" — xy = 2c, + DS (K+ DK + exer — cy-rke* = 0. (8) 
k=1 


At this point we invoke the identity property. Since (8) is identically zero, it is necessary that 
the coefficient of each power of x be set equal to zero; that is, 2c, = 0 (it is the coefficient 
of x°), and 


(k+ 1k + 2QDepe.—G-1=0, k=1,2,3,.... (9) 


Now 2c, = 0 obviously dictates that c, = 0. But the expression in (9), called a recurrence 
relation, determines the c, in such a manner that we can choose a certain subset of the set of 
coefficients to be nonzero. Since (k + 1)(k + 2) # 0 for all values of k, we can solve (9) for 
Cy +2 In terms of c,_): 


Ce-1 
= k = 1,2, 3,.... 1 
Ce+2 (k 4 Ik +4 2)’ 9m 3, ( 0) 


This relation generates consecutive coefficients of the assumed solution one at a time as we 
let k take on the successive integers indicated in (10): 


ket e=55 
Cy 
k =2, ae ee | 
Co : 
k =3, =F 579 < C) is zero 
k=4 = : 
i ee rr 
k=5 “ : 
ae ce 
C5 
k=6, C= 77g 0 < Cs is zero 
C6 1 
k=7, Co = Co 
B-5. 2-9 5h 28-0 
k=8 = = : 
A SSA). aedaperendy. 
Cg ‘ 
k=9, Cu = To. =0 < gis zero 


and so on. Now substituting the coefficients just obtained into the original assumption 


yHCo text CX? + 3x? “p cx" + C5x° + cex® =F x’ + cx” +f Cox” + a + oT aad +... 


we get 
Co 


oe 
2° 379 °6 


Co 3 Cy 4 
Y= cy Fe FOF a See 0 
2:°3 3-4 


6 


Co Cy 


1? $$ 7° 4 0 
2-3-5-6:°8-9 3-4-6-7-9-10 


Cy 7 
bee Ee 
564 


After grouping the terms containing cp and the terms containing c,, we obtain y = cyy,(x) + 
C,y2(x), where 
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1 1 1 S 1 
yi) = 1 + xe+ xo + ete = lt >» ok 
23 2°3-5-6 2°3-5-6°8°9 1 2°3°°- Bk — IBA) 


: Ty : Mp axt S : x 
3:4:6-:7-9-10 fm) 3°4°-°: BAB + 1) 


3k+1 


1 
=x+t oe ‘ 
LT ag geen” 


Since the recursive use of (10) leaves cy and c, completely undetermined, they can be chosen 
arbitrarily. As mentioned prior to this example, the linear combination y = cyy,(x) + cyy2(x) 
actually represents the general solution of the differential equation. Although we know from 
Theorem 5.1.1 that each series solution converges for lxl < oo, this fact can also be verified 


by the ratio test. = 


The differential equation in Example 2 is called Airy’s equation and is named after the 
English astronomer and mathematician Sir George Biddell Airy (1801-1892). Airy’s equation 
is encountered in the study of diffraction of light, diffraction of radio waves around the surface 
of the Earth, aerodynamics, and the deflection of a uniform thin vertical column that bends under 
its own weight. Other common forms of Airy’s equation are y" + xy = Oandy” + a’xy = 0. 
See Problem 46 in Exercises 5.3 for an application of the last equation. It should also be appar- 
ent by making a sign change in (10) of Example 2 that the general solution of y” + xy = 0 is 
y = Coy\(x) + c,y2(x), where the series solutions are in this case 


1; 1 6 1 9 = (=i) 3k 
y(x) = 1 - x et x= ester I ae 
23 2°3-5-6 2:3-5-6:°8-9 12°3--- Bk — DBA) 
1 1 1 oe = 1 
yo(x) = x — xt + xi - gO he i pacer ger at (“) yoke 
3-4 3°4-6°7 3°4-6:7-9-10 (13°4--- BAGBK + 1) 


| EXAMPLE3 | Power Series Solution 


Solve (x? + l)y’+ xy’ —y=0. 


SOLUTION As we have already seen on page 265, the given differential equation has sin- 
gular points at x = +i, and so a power series solution centered at 0 will converge at least for 
|x| < 1, where | is the distance in the complex plane from 0 to either i or —i. The assumption 
y = Spoc,x” and its first two derivatives (see (1)) lead to 


[oe} [oe} [oe] 
(x? + DdSan — c,x" 7 + x > nga = Sax" 
n=2 n n=0 


=1 


= Yan = ex" + Yan — 1c,x""2 + Sne,.x" _ Sox 
n=0 


n=2 n=2 n=1 


= 2egx® — egx® + 6eyx + Cx — Cx + Yan = 1)e.x" 
n=2 


k=n 

[o.e} co Cc 
+ Yatn — Ye,x" 7 + Sne,.x" _ Vax" 

n=4 n=2 n=2 
XR re J \ + ) u +7 J 
k=n-2 k=n k=n 


= 2c, — cy + 6e3x + S[k — Dey + K+ 2K + Vevse + keg — cxdx" 
k=2 

= 2c, — cg + 603% + SK + DK - Dey t+ K+ 2K + Vevsr)x* = 0. 
k=2 
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From this last identity we conclude that 2c, — cy = 0, 6c3 = 0, and 


(k + Wk — Deg + (Kk + 2) + Ice 42 = 0. 


Thus, C= 


l—k 
42= 7-7 & k = 2,3,4,.... 
Ce+2 k+2°" os > 


Substituting k = 2, 3, 4,... into the last formula gives 


1 1 1 
a [ane ee 
Cs cz; = 0 <—c3 1s zero 
5 
_ & 8... 13 
eG” Gindae Far 
49 . 
= — => <— Cz 18 Zero 
C7 7 5 
5 3-5 1:35 
i eo Te a4) “° 
6 ; 
Cy = 9 C7 = 0 <—c7is zero 
4 a25-9 1:3+5+7 
Te ane CST 


and so on. Therefore, 
Yat Gk Ok Pee te Pee? Pee” tex ee +S Cox” + cipx OO +-+ 


1 4 1-3 6 1*3*5 8 1*3°5°7 10 
= x" ob Sls oO et) RB Ora 
27 2! 233! 2* A) 2°5! 


Tes 
me ame 


= Coy (x) + c1y2(x). 
The solutions are the polynomial y,(x) = x and the power series 


-3+5-++(2n — 3) bs 
xv; 
2" n! 


Ix <1. 


1 0 1 
ya) = 1+ a sae el ae 
n=2 


| EXAMPLE4 | Three-Term Recurrence Relation 


If we seek a power series solution y = S;~oc,x” for the differential equation 
y’— (1 + xy =0, 


we obtain cy = Co/2 and the recurrence relation 


Ce + Cy 
This formula is called a > 614= k k=l : 
three-term recurrence (k + 1)(k + 2) 


relation. 


k = 1, 2,3,.... 


Examination of the formula shows that the coefficients c3, c4, cs, ... are expressed in terms 
of both c,and co, and moreover, the algebra required to do this becomes a little messy. To 
simplify life we can first choose cy # 0,c, = 0; this yields consecutive coefficients for one 
solution that are expressed entirely in terms of co. If we next choose cy = 0, c, # 0, then the 
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y” + (cos x)y 


coefficients for the other solution are expressed in terms of c,. Using c. = 4cy in both cases, 
the recurrence relation for k = 1, 2,3,... gives 


Co = 0,c, = 0 Co = 0,c, #0 
1 1 
2 = “5 © C2 = 5 Co = 0 
a ej St Be 
= eS 2:3 & a Beg 23 6. 
Co + cy Co 1 Co + cy C\ 1 
4 SA. 90h 94 a" 3.4 34 22 
Bs 03 F Cy Co |: 4: 7 = LS é C3 $F Cy Cy _ 1 o 
a he 4-5|6 2 30 ° 5 465 4-5-6 120 ' 


and so on. Finally, we see that the general solution of the equation is y = cyy,(x) + c,y2(x), 


where 
1 1 il 1 
yx) = 14+ x7 + —x3 4 xt + wot ee 
2 6 24 30 
d @)=x+i084+Sxt+ tt 
an = PER 
aaa leo a is 


Each series converges for all finite values of x. = 


Hi Non polynomial Coefficients Thenext example illustrates how to find a power series 
solution about the ordinary point x) = 0 of a differential equation when its coefficients are not 
polynomials. In this example we see an application of multiplication of two power series. 


| EXAMPLES | ODE with Nonpolynomial Coefficients 


Solve y" + (cos x)y = 0. 


SOLUTION We see x = 0 is an ordinary point of the equation because, as we have already 
seen, cos x is analytic at that point. Using the Maclaurin series for cos x given in (2), along 
with the usual assumption y = >7°_,c,x”" and the results in (1), we find 


_x< eee | n~2 i at ae ate S n 
= Dna ~ Venx 2 4! OO! Dent 


n=2 


2 4 
x x 
= 2c, + 63x + 12¢,x? + 20e5x3 tee + (1 _ mn + nN + Ne + ext eX? + c3x3 + +s) 


1 1 
= 2c, + cy + (6c; + c,)x + (120 +o - hes)" + (20%, +o - we) +--+ =0, 
It follows that 


1 1 
2c. +cy9 = 0, 6c3 +c, = 0, 12¢4 + ¢, — 5&9 = 9, era Se 


and so on. This gives c, = —} Co, C3 = —% Cy, C4 = DB Cop Cs = 7 C},---- By grouping terms we 
arrive at the general solution y = cpy,(x) + c;yo(x), where 


1 , Ls 1 , 
uO) =1- 5% + ip* —- and So au aaa 6 Sica 


Since the differential equation has no finite singular points, both power series converge for 


Ixl < oo. = 
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[| Solution Curves The approximate graph of a power series solution y(x) = YS} ¢,x" 
can be obtained in several ways. We can always resort to graphing the terms in the sequence of 
partial sums of the series, in other words, the graphs of the polynomials Sy (x) = >, c, x". For 
large values of N, Sy (x) should give us an indication of the behavior of y(x) near the ordinary 
point x = 0. We can also obtain an approximate solution curve by using a numerical solver as 
we did in Section 3.7. For example, if you carefully scrutinize the series solutions of Airy’s 
equation in Example 2, you should see that y,(x) and y,(x) are, in turn, the solutions of the initial- 
value problems 


y-x=0, yOrl, y@O= 


(11) 


(a) Plot of y,@) y’—xy=0, yO)=0, yO=1. 

: : The specified initial conditions “pick out” the solutions y,(x) and y,(x) from y = cpy,(x) + cyy2(X), 
3 since it should be apparent from our basic series assumption y = ,~ c,x” that y(O) = cy and 
2 y'(0) = c,. Now if your numerical solver requires a system of equations, the substitution y’ = u 

E in y” — xy = 0 gives y” = u’ = xy, and so a system of two first-order equations equivalent to 
! E Airy’s equation is 
OF x 

E y =u 

1 er (12) 

10 -8§ -6 -4 -2 2 ul = xy. 


b) Plot of y,(0 be wigs ‘ fsleas iis ‘i ‘i 
ee Initial conditions for the system in (12) are the two sets of initial conditions in (11) but rewritten 


FIGURE 5.1.3 Solutions of Airy’s equation as y(0) = 1, u(O) = 0, and y(0) = 0, u(0) = 1. The graphs of y,(x) and y,(x) shown in FIGURE 5.1.3 
were obtained with the aid of a numerical solver using the fourth-order Runge-Kutta method 
with a step size of h = 0.1. 


REMARKS 


(i) In the problems that follow, do not expect to be able to write a solution in terms of summation 
notation in each case. Even though we can generate as many terms as desired in a series solution 
y = Sho ¢,x" either through the use of a recurrence relation or, as in Example 5, by multipli- 
cation, it may not be possible to deduce any general term for the coefficients c,. We may have 


to settle, as we did in Examples 4 and 5, for just writing out the first few terms of the series. 

(ii) A point Xp is an ordinary point of a nonhomogeneous linear second-order DE y" + P(x)y’ + 
O@)y =f) if P(x), O@), and f(x) are analytic at x». Moreover, Theorem 5.1.1 extends to such 
DEs—in other words, we can find power series solutions y = >;~9 ¢,(x — x9)" of nonhomo- 
geneous linear DEs in the same manner as in Examples 2-5. See Problem 36 in Exercises 5.1. 


| 5.1 | Exercises Answers to selected odd-numbered problems begin on page ANS-11. 


5.1.1 Review of Power Series 


In Problems 1—4, find the radius of convergence and interval of In Problems 7 and 8, the given function is analytic at x = 0. 
convergence for the given power series. Find the first four terms of a power series in x. Perform the long 
co 9M 10 division by hand or use a CAS, as instructed. Give the open 
> a” . 2. S (x + 7)" interval of convergence. 
=1 n=0 
1 ae 
(= wire - 
> =a) 4 Sac iy hos ex 


i= 10% k=0 
In Problems 9 and 10, rewrite the given power series so that its 


In Problems 5 and 6, the given function is analytic at x = 0. ‘ i 
general term involves x". 


Find the first four terms of a power series in x. Perform the 
multiplication by hand or use a CAS, as instructed. 9. Sine,x" 42 10. > (Ga hee 
5. sin x cos x 6. e *cosx 


270 | CHAPTERS Series Solutions of Linear Differential Equations 


In Problems 11 and 12, rewrite the given expression as a single 
power series whose general term involves x“. 


CO CoO 
11. Sa +f Soest 
n=1 n=0 


12. Yan — Ie,x" + 2Sin(n — c,x" 7 + a ea" 
n=2 n=2 net 


In Problems 13 and 14, verify by direct substitution that the 
given power series is a particular solution of the indicated 
differential equation. 

fo) (- 1)’ +1 7 ; 
13. y= > (x + Dy” + y'’ =0 


n=1 n 


cue 
4. y= x", xy’ +y' +xy=0 
Y 2 Pea? y ». y 


5.1.2 Power Series Solutions 


In Problems 15 and 16, without actually solving the given dif- 
ferential equation, find a lower bound for the radius of conver- 

gence of power series solutions about the ordinary point x = 0. 
About the ordinary point x = 1. 

15. (? — 25)y" + 2xy’ +y =0 

16. (x? — 2x + 10)y” + xy’ — 4y=0 


In Problems 17—28, find two power series solutions of the given 
differential equation about the ordinary point x = 0. 
17. y” — 3xy = 0 

18. y+ xy =0 

19. y”— 2xy’+ y=0 

20. y’— xy’ + 2v=0 

21. y" + xy’ + xy =0 

22. y” + 2xy’ + 2y=0 

23. (x — Ly” + y' =0 

24. (x + 2)y" + xy’ -—y=0 

2. y’-(x«+ Dy’ -y=0 

26. (x° + ly" — 6by =0 

27. (x + 2)y" + 3xy’ —y=0 

28. (x° — ly" + xy’ —y=0 


In Problems 29-32, use the power series method to solve the 
given initial-value problem. 


29. (x — ly” — xy’ + y=0, y(0) = —2, y'(0) = 6 

30. (x + ly” -(2—-»y’ + y =0, yO) = 2, y'(0) = -1 
31. y” — 2xy’ + 8y =0, y(O) = 3, y'(0) =0 

2. (x? + 1)y" + 2xy' = 0, y(0) = 0, y'(0) = 1 


oo 


In Problems 33 and 34, use the procedure in Example 5 to find 
two power series solutions of the given differential equation 
about the ordinary point x = 0. 


33. y” + (sinx)y = 0 34. y" + ety’ -y=0 


Discussion Problems 


35. Without actually solving the differential equation (cos x)y” + 
y’ + 5y = 0, find a lower bound for the radius of convergence 
of power series solutions about x = 0. About x = 1. 

36. How can the method described in this section be used to find 
a power series solution of the nonhomogeneous equation 
y” — xy = 1 about the ordinary point x = 0? Of y’ — 4xy’ — 
4y = e*? Carry out your ideas by solving both DEs. 

37. Is x = 0 an ordinary or a singular point of the differential 
equation xy” + (sin x)y = 0? Defend your answer with sound 
mathematics. 

38. For purposes of this problem, ignore the graphs given in 
Figure 5.1.3. If Airy’s differential equation is written as 
y” = xy, what can we say about the shape of a solution curve 
ifx >Oandy > 0? Ifx <Oandy > 0? Ifx <Oandy <0? 


Computer Lab Assignments 


39. (a) Find two power series solutions for y” + xy’ + y =O and 
express the solutions y,(x) and y,(x) in terms of summa- 
tion notation. 

(b) Use a CAS to graph the partial sums Sy (x) for y,(x). Use 

N = 2, 3,5, 6, 8, 10. Repeat using the partial sums Sy (x) 
for y(x). 

(c) Compare the graphs obtained in part (b) with the curve 
obtained using a numerical solver. Use the initial condi- 
tions y,(0) = 1, yj(O) = 0, and y,(0) = 0, y3(0) = 1. 
Reexamine the solution y, (x) in part (a). Express this series 
as an elementary function. Then use (5) of Section 3.2 to 
find a second solution of the equation. Verify that this sec- 
ond solution is the same as the power series solution y2(x). 
40. (a) Find one more nonzero term for each of the solutions 

y,(x) and y,(x) in Example 5. 

(b) Find a series solution y(x) of the initial-value problem 
y" + (cos x)y = 0, y(0) = 1, y'(0) = 1. 

(c) UseaCAS to graph the partial sums S$, (x) for the solution 
y(x) in part (b). Use N = 2, 3, 4, 5, 6, 7. 

(d) Compare the graphs obtained in part (c) with the curve 
obtained using a numerical solver for the initial-value 
problem in part (b). 


(d 


wa 


5.2 Solutions about Singular Points 


INTRODUCTION The two differential equations y” — xy = 0 and xy” + y = 0 are similar 
only in that they are both examples of simple linear second-order DEs with variable coefficients. 
That is all they have in common. Since x = 0 is an ordinary point of the first equation, we saw in 
the preceding section that there was no problem in finding two distinct power series solutions 
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centered at that point. In contrast, because x = 0 is a singular point of the second DE, finding two 
infinite series solutions—notice we did not say “power series solutions” —of the equation about 
that point becomes a more difficult task. 
I| A Definition A singular point x = xy of a linear differential equation 

ay(x)y" + a(x)y’ + ag(x)y = 0 (1) 


is further classified as either regular or irregular. The classification again depends on the func- 
tions P and Q in the standard form 


y"” + P(x)y’ + Ody = 0. (2) 


Definition 5.2.1 Regular/Irregular Singular Points 


A singular point Xp is said to be a regular singular point of the differential equation (1) if the 
functions p(x) = (x — xX9)P(x) and q(x) = (x — Xo)’ Q(x) are both analytic at x). A singular point 
that is not regular is said to be an irregular singular point of the equation. 


The second sentence in Definition 5.2.1 indicates that if one or both of the functions 
p(x) = (x — x9)P(x) and g(x) = (x — x9)Q(x) fails to be analytic at xo, then xp is an irregular 
singular point. 


Hi Polynomial Coefficients As in Section 5.1, we are mainly interested in linear equations 
(1) where the coefficients a(x), a;(x), and ao(x) are polynomials with no common factors. We have 
already seen that if a,(xp) = 0, then x = x is a singular point of (1) since at least one of the rational func- 
tions P(x) = a,(x)/ax(x) and Q(x) = ap(x)/a,(x) in the standard form (2) fails to be analytic at that point. 
But since a(x) is a polynomial and xp is one of its zeros, it follows from the Factor Theorem of algebra 
that x — xo is a factor of a(x). This means that after a,(x)/ay(x) and do(x)/a,(x) are reduced to lowest 
terms, the factor x — x) must remain, to some positive integer power, in one or both denominators. 
Now suppose that x = xg is a singular point of (1) but that both the functions defined by the products 
P(x) = & — Xp)P(X) and g(x) = (x - Xo)" Q(x) are analytic at x9. We are led to the conclusion that 
multiplying P(x) by x — xp and Q(x) by (x — xp)” has the effect (through cancellation) that x — xp 
no longer appears in either denominator. We can now determine whether x is regular by a quick 
visual check of denominators: 


If x — Xo appears at most to the first power in the denominator of P(x) and at most to the 
second power in the denominator of Q(x), then x = X9 is a regular singular point. 


Moreover, observe that if x = xp is a regular singular point and we multiply (2) by (x — xp)”, then 
the original DE can be put into the form 


(x — Xo)’ y” + (x — Xo)p@y’ + q@y = 0, (3) 


where p and gq are analytic at x = xo. 


| EXAMPLE1 | Classification of Singular Points 


It should be clear that x = 2 and x = —2 are singular points of 
(x? — 4)*y" + 3(x — 2)y’ + Sy = 0. 


After dividing the equation by (x* — 4)? = (x — 2)?(x + 2)’ and reducing the coefficients to 
lowest terms, we find that 
3 5 
= — 5 and Q(x) = eo 7 
(x — 2)(x + 2) (x — 2)(x + 2) 


P(x) 


We now test P(x) and Q(x) at each singular point. 

In order for x = 2 to be a regular singular point, the factor x — 2 can appear at most to the 
first power in the denominator of P(x) and at most to the second power in the denominator 
of Q(x). A check of the denominators of P(x) and Q(x) shows that both these conditions are 
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satisfied, so x = 2 is aregular singular point. Alternatively, we are led to the same conclusion 
by noting that both rational functions 


3 
P(x) = (« — 2)P@) = and q(x) = ( — 2/'Q@) = 


(x + 2) (x + 2) 


are analytic at x = 2. 

Now since the factor x — (—2) = x + 2 appears to the second power in the denominator of 
P(x), we can conclude immediately that x = —2 is an irregular singular point of the equation. 
This also follows from the fact that p(x) = (x + 2)P(x) = 3/[(x — 2)(x + 2)] is not analytic 
atx = —2. = 


In Example 1, notice that since x = 2 is a regular singular point, the original equation can be 
written as 
p(x) analytic at x = 2 q(x) analytic at x = 2 


1 1 


2," ’ 
(x= 2) y" +o Vo+2? ee te 

As another example, we can see that x = 0 is an irregular singular point of x*y’ — 2xy’ + 
8y = 0 by inspection of the denominators of P(x) = —2/x? and Q(x) = 8/x*. On the other hand, 
x = 0 is a regular singular point of xy” — 2xy’ + 8y = 0 since x — 0 and (x — 0)? do not even 
appear in the respective denominators of P(x) = —2 and Q(x) = 8/x. For a singular point x = Xo, 
any nonnegative power of x — Xp less than one (namely, zero) and any nonnegative power less 
than two (namely, zero and one) in the denominators of P(x) and Q(x), respectively, imply that 
Xy is a regular singular point. A singular point can be a complex number. You should verify that 
x = 3iand x = —3iare two regular singular points of (x* + 9)y’ — 3xy’ + (1 — x)y = 0. 

Any second-order Cauchy—Euler equation ax’y" + bxy’ + cy = 0, with a, b, and c real 
constants, has a regular singular point at x = 0. You should verify that two solutions of 
the Cauchy—Euler equation x*y” — 3xy’ + 4y = 0 on the interval (0, 00) are y, = x” and 
y> = x’ In x. If we attempt to find a power series solution about the regular singular point x = 0, 
namely, y = >) c,x", we would succeed in obtaining only the polynomial solution y, = x”. The 
fact that we would not obtain the second solution is not surprising since In x, and consequently, 
y) = x*In x is not analytic at x = 0; that is, y, does not possess a Taylor series expansion centered 
atx = 0. 


I| Method of Frobenius To solve a differential equation (1) about a regular singular point, 
we employ the following theorem due to the eminent German mathematician Ferdinand Georg 
Frobenius (1849-1917). 


Theorem 5.2.1 Frobenius’ Theorem 


If x = x9 is a regular singular point of the differential equation (1), then there exists at least 
one nonzero solution of the form 


y=(a- Lay Doe x — Xo)" = cs x — X9)"*", (4) 
n=0 n=0 

where the number r is a constant to be determined. The series will converge at least on some 

interval defined by 0 <x —x)<R. 


Notice the words at least in the first sentence of Theorem 5.2.1. This means that, in contrast 
to Theorem 5.1.1, we have no assurance that two series solutions of the type indicated in (4) can 
be found. The method of Frobenius, finding series solutions about a regular singular point x9, 
is similar to the “method of undetermined series coefficients” of the preceding section in that 
we substitute y = >_9c,(x — Xo)" *" into the given differential equation and determine the 
unknown coefficients c, by a recursion relation. However, we have an additional task in this 
procedure; before determining the coefficients, we must first find the unknown exponent r. 
If r is found to be a number that is not a nonnegative integer, then the corresponding solution 
y = Dp en(x — Xp)” *" is not a power series. 
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All solutions will be p> As we did in the discussion of solutions about ordinary points, we shall always assume, for 
avaot We replat the sake of simplicity in solving differential equations, that the regular singular point is x = 0. 


singular point 0. 
| EXAMPLE2 | Two Series Solutions 
Because x = 0 is a regular singular point of the differential equation 
3xy" + y' —y=0, (5) 


we try to find a solution of the form y = Sy 9c,x"*" Now 


i = Ya + Ne and y" = Sn ces Ve, "tr? 
sie n=0 
so that 
3xy" + y! eee Dia 3S(n + r)n+r—- eae a Yan 4. r)c,x"*?} _ Sox” 
n=0 n=0 7=0 
= Ya + r)\(3n + 3r — De,xrtro! = Sox"? 
n=0 = 
7 v [ror =—Dea? + > + HGr+ 3r= ear? = Sex" 
n=1 n=0 
k=n-1 —— 


= v|rGr = Dee) + DAG + r+ 13k + 37 + Degas - alk" = 0, 
which implies r(3r — 2)cy) = 0 
(kK+rt+ 13k + 3r+ Dey, -—cq =0, k=0,1,2,.... 
Since nothing is gained by taking cy = 0, we must then have 
r(3r— 2) =0, (6) 


Ch 
d a= . k=0,1,2..... 7 
i el ea ke GK or + 1) (7) 


The two values of r that satisfy the quadratic equation (6), r; = } and r, = 0, when substituted 
in (7), give two different recurrence relations: 


Ck 


=} = K=O) 1, 2.00 
r\ 3° Cr+ (3k + 5\(k + 15° 0, 7m (8) 
Cy 
= 0, +4 p= ; =0,1,2,.... 9 
“et ke + DGEF D (9) 
From (8) we find: From (9) we find: 
_ 0 = 02 
ot Bat se Ted 
— & —  & _ | _— & 
om Tae oe Gd OTA 
C2 Co Cy Co 
G3 = = GQ = = 
Li=3 3!5-8-11 3°7 3!1°4-7 
C3 Co C3 Co 
C4 = = C4 = = 
14-4 4!15-8-11-14 4-10 4!1°4-7-10 
_ co _ 1)" 
" nl5-8-11-+- Gn + 2) "nll-4-7-+- Gn -— 2) 
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Here we encounter something that did not happen when we obtained solutions about an ordi- 
nary point; we have what looks to be two different sets of coefficients, but each set contains 
the same multiple cp. Omitting this term, the series solutions are 


i 
nl 58-11 Bn + =" 


yi(x) = elt + (10) 


Be 1 
5 a 
Ain! 1-4-7--- Gn — 2) | 


yx) = i + (11) 
By the ratio test it can be demonstrated that both (10) and (11) converge for all finite values 
of x; that is, xl < co. Also, it should be apparent from the form of these solutions that neither 
series is a constant multiple of the other and, therefore, y,(x) and y,(x) are linearly independent 
on the entire x-axis. Hence by the superposition principle y = C,y,(x) + C,y,(x) is another 
solution of (5). On any interval not containing the origin, such as (0, oo), this linear combina- 


tion represents the general solution of the differential equation. = 


I| Indicial Equation Equation (6) is called the indicial equation of the problem, and 
the values r; = } and r, = 0 are called the indicial roots, or exponents, of the singularity x = 0. 
In general, after substituting y = ;_)c,x"*’ into the given differential equation and simplifying, 
the indicial equation is a quadratic equation in r that results from equating the total coefficient 
of the lowest power of x to zero. We solve for the two values of r and substitute these values into 
a recurrence relation such as (7). Theorem 5.2.1 guarantees that at least one nonzero solution of 
the assumed series form can be found. 

It is possible to obtain the indicial equation in advance of substituting y = 9 c,x"~*" into 
the differential equation. If x = 0 is a regular singular point of (1), then by Definition 5.2.1 both 
functions p(x) = xP(x) and g(x) = x’Q(x), where P and Q are defined by the standard form (2), 
are analytic at x = 0; that is, the power series expansions 


p(x) = xP(x) = ay + ayxtayx? ++» and g(x) =x?O(x) = bo + Dix t+ box? ++.» (12) 


natr 


are valid on intervals that have a positive radius of convergence. By multiplying (2) by x*, we get 
the form given in (3): 
xy" + x[xP(Q)]y' + [x?O()]y = 0. (13) 
After substituting y = };9c,x"~" and the two series in (12) into (13) and carrying out the 
multiplication of series, we find the general indicial equation to be 
r(r— 1) + ar + by = 0, (14) 


where ay and bo are defined in (12). See Problems 13 and 14 in Exercises 5.2. 


| EXAMPLE3 | Two Series Solutions 


Solve 2xy"+ (1+ x)y'’+y=0. 
SOLUTION Substituting y = >> 9c,x"*" gives 


2xy" +1 t+ny' +y= 2S (n + rntr— Vex" + Ya + rjc,x"7"7! 
n=0 n=0 


CO co 

n+r n+r 

++ > (n + r)c,x + > CyX 
n=0 n=0 


Ya + r)(Qn + 2r — Ic, x"*"! + Yin trct Lc,x"*" 
n=0 n=0 


= x"|r(2r — Vegx 7! + Ya + r)(Qn + 2r — De,x" 1 + Ya t+rt+ De," 
Ls n=1 ‘tad - a 
k=n-1 k=n 


= x") rQr — Lceox! + Vic Ar AQ 2b Nea ak (ke ae Dei} 
k=0 
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which implies r2r—1)=0 (15) 
te DOE+ + Des, HEE DG =O, F=O,1,2,..., (16) 


From (15) we see that the indicial roots are r, = 5 and r, = 0. 
For r, = 5, we can divide by k + 3 in (16) to obtain 


kg =0,1,2 (17) 
Ce+i ee 1° yp 1, Z,00, 
whereas for r, = 0, (16) becomes 
= 
el ae a |! k=0, 1,2,.... (18) 
From (17): From (18): 
=, 0 re 
ot Ot = al 
Cc) sap et Co 
e909 Beh oe & te 
Co _ —~Co _ = C5 - —~Co 
oe ao i eee 
= Bi C3 a) 
“4 94 Dal ie ee 
(-1)"cg (—1)"co 
Cy = ; Cy = , 
2°n! 1-3-5-7-:- (Qn — 1) 


Thus for the indicial root r; = 5 we obtain the solution 


yi (x) = elt + 5 x = + xn. 
nN: 


n 
n=1 2"n! n=0 


where we have again omitted cy. The series converges for x = 0; as given, the series is not defined 
for negative values of x because of the presence of x'”*. For r, = 0, a second solution is 
_4.\n 
oe 8 ‘ 


)=1+4 , ltl <0. 
v2) Jeon 


n=1 


On the interval (0, 00), the general solution is y = C,y,(x) + Cyy2(x). 


| EXAMPLE4 | Only One Series Solution 


Solve xy” +y=0. 


SOLUTION From xP(x) = 0 and x*Q(x) = x and the fact that 0 and x are their own power 
series centered at 0, we conclude a) = 0 and by = 0 and so from (14) the indicial equation is 
r(r — 1) = 0. You should verify that the two recurrence relations corresponding to the indicial 
roots r; = | and r, = 0 yield exactly the same set of coefficients. In other words, in this case 
the method of Frobenius produces only a single series solution 

= =ly ntl 1 |; 1 


= , ee me a= Apes, = 
WO) = 2 at Dit 9" * ~ Tag” 


n=0 


I| Three Cases For the sake of discussion, let us again suppose that x = 0 is a regular singular 
point of equation (1) and that indicial roots r, and r, of the singularity are real, with r, denoting 
the largest root. When using the method of Frobenius, we distinguish three cases corresponding 
to the nature of the indicial roots r, and 15. 
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Casel: If r, andr, are distinct and do not differ by an integer, there exist two linearly 
independent solutions of the form 


nix) = Senx"*" and yx(x) = Dib, x"*%. 
n=0 7=0 
This is the case illustrated in Examples 2 and 3. 


In the next case, we see that when the difference of indicial roots r, — r, is a positive 
integer, the second solution may contain a logarithm. 


Case II: If r, — r. = N, where N is a positive integer, then there exist two linearly 
independent solutions of equation (1) of the form 


yi(x) = a. toe 0, (19) 
n=0 


yo(x) = Cy\(x) Inx =p ae bo # 0, (20) 


n=0 
where C is a constant that could be zero. 


Finally, in the last case, the case when the indicial roots 7; and r, are equal, a second solution 
will always contain a logarithm. The situation is analogous to the solution of a Cauchy—Euler 
equation when the roots of the auxiliary equation are equal. 


Case IIT: Mfr; = rz, then there always exist two linearly independent solutions of equa- 
tion (1) of the form 


yi) = sar, Co # 0, (21) 
n=0 
y2(x) = ya) Inx + DYb,x"*". (22) 


=0 


Hi Finding a Second Solution When the difference r, — ry is a positive integer (Case I), 
we may or may not be able to find two solutions having the form y = S,~9c,x"*". This is some- 
thing we do not know in advance but is determined after we have found the indicial roots and have 
carefully examined the recurrence relation that defines the coefficients c,. We just may be lucky 
enough to find two solutions that involve only powers of x; that is, y,(x) = S7o¢,x"*" (equa- 
tion (19)) and y, = >? 9b, x"*” (equation (20) with C = 0). See Problem 31 in Exercises 5.2. 
On the other hand, in Example 4 we see that the difference of indicial roots is a positive integer 
(7, — r = 1) and the method of Frobenius failed to give a second series solution. In this situ- 
ation, equation (20), with C # 0, indicates what the second solution looks like. Finally, when 
the difference r, — ry is a zero (Case III), the method of Frobenius fails to give a second series 
solution; the second solution (22) always contains a logarithm and is actually (20) with C = 1. 
One way to obtain this second solution with the logarithmic term is to use the fact that 


— fP(x) dx 


This is (5) in Section 3.2. > yo(x) = y,(x) | (23) 


ix) 


is also a solution of y” + P(x)y’ + Q(@)y = 0 whenever y,(x) is the known solution. We will 
illustrate how to use (23) in the next example. 


| EXAMPLES | Example 4 Revisited—Using a CAS 


Find the general solution of xy" + y = 0. 


SOLUTION From the known solution given in Example 4, 


() ie 4 1 , Lg a 
pie ge a aa 
we can construct a second solution y,(x) using formula (23). For those with the time, energy, 


and patience, the drudgery of squaring a series, long division, and integration of the quotient 
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can be carried out by hand. But all these operations can be done with relative ease with the 
help of a CAS. We give the results: 


Here is a good place to e ax dx 

use a computer algebra y,(x) = y,(x) 2 dx = yy (x) 2 
system. Ly,(x)] 1 2 1 3 1 4 

B mia ils De Pa 
12 144 
y\(x) | 5 S = < after squaring 
x? — 8 + xt - — HP + 
12 72 


1 1 7 19 a 
= yi) hes Fi + + x +--+} dx < after long division 


x 12 72, 
1 7 19 5 : : 

= iG) ah ine Se i exe aes < after integrating 
x 12 144 

(x) Inx + | eee pe a4 | < multiply out 
= y,(x) Inx x) |) == =e FS — ae 
y1 y1 rs 12 144 ply 
1 I 
or yo(x) = y,(x) Inx + ee Bee 


On the interval (0, oo), the general solution is y = C,y,(x) + Cyy2(x). 


REMARKS 


(i) The three different forms of a linear second-order differential equation in (1), (2), and (3) 
were used to discuss various theoretical concepts. But on a practical level, when it comes to 
actually solving a differential equation using the method of Frobenius, it is advisable to work 
with the form of the DE given in (1). 

(ii) When the difference of indicial roots r, — rp is a positive integer (r,; > rp), it sometimes 


pays to iterate the recurrence relation using the smaller root r, first. See Problems 31 and 32 
in Exercises 5.2. 


(iii) Since an indicial root r is a root of a quadratic equation, it could be complex. We shall 
not, however, investigate this case. 
(iv) If x = 0 is an irregular singular point, we may not be able to find any solution of the DE 


Mista 


ON liom jy = 3S ~@are 


| 5.2 | Exercises Answers to selected odd-numbered problems begin on page ANS-11. 


In Problems 1—10, determine the singular points of the given 8 x(x? + 1)7y"+y=0 
differential equation. Classify each singular point as regular 9. 3(x? — 25)(x — 2)°y" + 3x(x — 2)y’ + T(x + 5)y = 0 
or irregular. 10. (x3 — 2x? + 3x)y" + x(x — 3Yy’ — (w+ Dy =0 
1. x3y" + 4x’y' + 3y =0 
2. x(x + 3)’y"-y =0 In Problems 11 and 12, put the given differential equation into 
3. (x? — 9)y" + (x + 3)y’ + 2y =0 the form (3) for each regular singular point of the equation. 
a 1 Identify the functions p(x) and q(x). 
ae AC ay | a M1. (x2 — Dy" + 5 + Dy’ + 0? — Dy =0 


5. (x + 4x)y” — 2xy’ + 6y = 0 12. xy’ + (x + 3)y' + Try =0 
6. x7(x — 5)*y"” + 4xy’ + (x? — 25)y =0 
7. (2 +x-—6)y"+ (e+ 3)y’ + —- Dy =0 
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In Problems 13 and 14, x = 0 is a regular singular point of the 
given differential equation. Use the general form of the indicial 
equation in (14) to find the indicial roots of the singularity. 
Without solving, discuss the number of series solutions you 
would expect to find using the method of Frobenius. 


13. xy’ + (3x4 x)y’ -—fy=0 
14. xy" + y’ + 10y =0 


In Problems 15-24, x = 0 is a regular singular point of the given 
differential equation. Show that the indicial roots of the singu- 
larity do not differ by an integer. Use the method of Frobenius 
to obtain two linearly independent series solutions about x = 0. 
Form the general solution on the interval (0, oo). 

15. 2xy”—y' + 2yv=0 

16. 2xy” + 5y’ + xy =0 

17. 4xy" + Sy’ +y=0 

18. 2x’y" — xy’ + (x? + Dy =0 

19. 3xy" + (2—x)y’ -y=0 

20. xy” — (x — })y =0 

21. 2xy” — (3 + 2x)y' + y =0 

22. x’y” + xy’ + GQ? — )y =0 

23. 9x7y" + Oxy’ + 2y =0 

24, 2x’y" + 3xy’ + (2x — Dy =0 


In Problems 25-30, x = 0 is a regular singular point of the given 
differential equation. Show that the indicial roots of the singu- 
larity differ by an integer. Use the method of Frobenius to obtain 
at least one series solution about x = 0. Use (21) where neces- 
sary and a CAS, if instructed, to find a second solution. Form 
the general solution on the interval (0, oo). 


25. xy" + 2y’ — xy = 0 
26. xy” + xy’ +? — py =0 
27. xy" — xy’ +y=0 


3 
28. y" + rd —2y=0 


29. xy" + (1 —x)y’-y=0 
30. xy" + y’ +y=0 


In Problems 31 and 32, x = 0 is a regular singular point of the 

given differential equation. Show that the indicial roots of the 

singularity differ by an integer. Use the recurrence relation 

found by the method of Frobenius first with the largest root r;. 

How many solutions did you find? Next use the recurrence rela- 

tion with the smaller root 7,. How many solutions did you find? 

31. xy” + (x — 6)y’ — 3y = 0 

32. x(x — l)y” + 3y’ — 2y =0 

33. (a) The differential equation x*y” + Ay = 0 has an irregular 
singular point at x = 0. Show that the substitution t = 1/x 
yields the differential equation 


d’y 2dy 
dt’? t dt 


+ Ay = 0, 


which now has a regular singular point at t = 0. 
(b) Use the method of this section to find two series solutions of 
the second equation in part (a) about the singular point t = 0. 
(c) Express each series solution of the original equation in 
terms of elementary functions. 


Mathematical Model 


34. BucklingofaTaperedColumn In Example 4 of Section 3.9, 
we saw that when a constant vertical compressive force or 
load P was applied to a thin column of uniform cross section, 
the deflection y(x) satisfied the boundary-value problem 


d’y 

dx? 

The assumption here is that the column is hinged at both ends. 

The column will buckle or deflect only when the compressive 
force is a critical load P,,,. 

(a) Inthis problem let us assume that the column is of length L, 

is hinged at both ends, has circular cross sections, and 

is tapered as shown in FIGURE 5.2.1(a). If the column, a 

truncated cone, has a linear taper y = cx as shown in 

cross section in Figure 5.2.1(b), the moment of inertia of 

a cross section with respect to an axis perpendicular to 


EI 


+ Py=0, y0)=0, y(L) = 0. 


the xy-plane is J = 47’, where r = y and y = cx. Hence 
we can write I(x) = Ip(x/b)*, where I) = I(b) = 4a (cb)\. 
Substituting /(x) into the differential equation in (24), we see 
that the deflection in this case is determined from the BVP 
dy 
xa +Ay=0, ya)=0, yb) = 0, 
dx 

where A = Pb*/ElIp. Use the results of Problem 33 to find 
the critical loads P,, for the tapered column. Use an 
appropriate identity to express the buckling modes y,(x) 
as a single function. 

(b) UseaCAS to plot the graph of the first buckling mode y,(x) 
corresponding to the Euler load P, when b = 11 anda = 1. 


pHs 


y 
===> 


a 


(a) (b) 
FIGURE 5.2.1 Tapered column in Problem 34 


Discussion Problems 


35. Discuss how you would define a regular singular point for the 
linear third-order differential equation 


ax(x)y" + ag(x)y" + ayQa)y’ + ag(x)y = 0. 

36. Each of the differential equations 

x’y" + 3x-Dy’ +y=0 
has an irregular singular point at x = 0. Determine whether the 
method of Frobenius yields a series solution of each differential 
equation about x = 0. Discuss and explain your findings. 

37. We have seen that x = 0 is a regular singular point of any 
Cauchy-—Euler equation ax*y" + bxy' + cy = 0. Are the 


indicial equation (14) for a Cauchy—Euler equation and its 
auxiliary equation related? Discuss. 


xy’+y=0 and 
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5.3| Special Functions 


INTRODUCTION The two differential equations 
ey +e eG vy a0 (1) 
(1 — x)y” — 2xy' + n(n + Dy =0 (2) 


often arise in the advanced studies of applied mathematics, physics, and engineering. Equation 
(1) is called Bessel’s equation of order v and is named after the noted German astronomer and 
mathematician Friedrich Wilhelm Bessel (1784-1846), who was the first person to determine 
the accurate distance from the Sun to another star. Bessel first encountered a special form of 
equation (1) in his study of elliptical planetary motion and eventually carried out a systematic 
study of the properties of the solutions of the general equation. Differential equation (2) is known 
as Legendre’s equation of order n and is named after the French mathematician Adrien-Marie 
Legendre (1752-1833). When we solve (1), we will assume that v = 0; whereas in (2), we will 
consider only the case where n is a nonnegative integer. 


5.3.1 Bessel Functions 


I| The Solution Because x = Oisa regular singular point of Bessel’s equation, we know 
that there exists at least one solution of the form y = 9 c,x" '". Substituting the last expression 
into (1) then gives 


xy" + xy’ + (x? — vy Yon +rn+tr— Dx" + Yon + or)xrtr + Sea = rex 
n=0 


n=0 n=0 n=0 


= Cor? r+r—v)x" 


+ x > cla tr(ntr—-DYD+tnt¢n—v7 |x" + x ox 


n=1 n=0 


= ¢,(r? — v?)x" + x > ol G + nA)? — v7 |x + a ear. (3) 
n=1 n=0 

From (3) we see that the indicial equation is r> — v* = 0 so that the indicial roots are r, = v and 

ry = —v. When r, = v, (3) becomes 


CO CO 
x’ Sic,n(n ae 2p) x" os 


n=1 n=0 


= va + 2v)e\x + Yen + 2v)x" + Sent 
n=0 


n=2 = 


a 
k=n-2 k=n 


ela + Qv)eyx + PHC: + 2)k +2 4+ 2Wicy. + ade =i, 
k=0 


Therefore, by the usual argument we can write (1 + 2v)c, = 0 and 


(k+2)(k+2+ Wei. +c =0 


=< 

42= , k=0,1,2,.... 4 

ca Cha tk + ONE +2 + By) (4) 

The choice c, = 0 in (4) implies c, = c5; = c7 = --- = 0, so fork = 0, 2,4, ... we find, after letting 
k+2=2n,n = 1, 2,3,..., that 

Con-2 
= ->T 5 
oe n(n + v) (5) 
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FIGURE 5.3.1 Bessel functions of the first 
kind for n = 0, 1, 2, 3, 4 


Co 


Thus Co = 5 
2°-1-d + pv) 
C2 Co 
C4 2 ~~ 4 
2°-22 +v) 2-1-2010 4+ v2 4+ v) 
C4 Co 
C6 


27-36 4+ v) 28-1-2-30 + v\2+ vB 4+ r) 


_ (=1)"cy 
on m1 + v2 + v)--(n + VY’ 


n= 1,2,3,.... (6) 


It is standard practice to choose cy to be a specific value—namely, 
7 1 
Oe ST py 


where (1 + v) is the gamma function. See Appendix II. Since this latter function possesses the 
convenient property [(1 + @) = al(a), we can reduce the indicated product in the denominator 
of (6) to one term. For example, 


Td+v+)=d+vla+yv) 
Td +v+2=2+vl2+vn=24+v 0 +vld +»). 


Hence we can write (6) as 


(=i) oo: 
- 2H + v\2+v)-H1tvld tv) 2 *niTd + v4 n) 
forn = 0, 1, 2,.... 
[| Bessel Functions of the First Kind The series solution y= °° 9 c,x2"*” is usu- 
ally denoted by J,(x): 
oo (-1" (=) 
J(x) = F 7 
@) p= avd +v+n)\2 (7) 
Ifv = 0, the series converges at least on the interval [0, 00). Also, for the second exponent r, = —v 
we obtain, in exactly the same manner, 
oe) (—1)" ()"" 
fe = . 8 
i) 2 ara =p say? (8) 


The functions J,(x) and J_,(x) are called Bessel functions of the first kind of order v and —v, 
respectively. Depending on the value of v, (8) may contain negative powers of x and hence 
converge on the interval (0, co).* 

Now some care must be taken in writing the general solution of (1). When v = 0, it is appar- 
ent that (7) and (8) are the same. If vy > 0 andr, — r, = v — (—v) = 2v is not a positive integer, 
it follows from Case I of Section 5.2 that J,(x) and J_,(x) are linearly independent solutions of 
(1) on (0, co), and so the general solution on the interval is y = c,J,(x) + c)J_,(x). But we also 
know from Case II of Section 5.2 that when r, — 7, = 2v is a positive integer, a second series solu- 
tion of (1) may exist. In this second case we distinguish two possibilities. When v = m = positive 
integer, J_,,(x) defined by (8) and J,,(x) are not linearly independent solutions. It can be shown 
that J_,, is a constant multiple of J, (see Property (7) on page 284). In addition, 7; — r, = 2v can 
be a positive integer when v is half an odd positive integer. It can be shown in this latter event that 
J (x) and J_,(x) are linearly independent. In other words, the general solution of (1) on (0, co) is 


y =c,J,(x) + coJ_,(x), v # integer. (9) 
The graphs of y = Jo(x) (blue) and y = J;(x) (red) are given in FIGURE 5.3.1. 


*When we replace x by Ix, the series given in (7) and (8) converge for 0 < |x| < oo. 
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FIGURE 5.3.2 Bessel functions of the 
second kind for n = 0, 1, 2, 3,4 


282 | 


| EXAMPLE1 | General Solution: v Not an Integer 


By identifying v* = ; and v = 3 we can see from (9) that the general solution of the equation 


xy" + xy’ + (0? — *y = 00n (0, 00) is y = CW p(x) + CJ _1p (a). = 


[| Bessel Functions of the Second Kind ify + integer, the function defined by the 
linear combination 


V(x) = cos vaJ,(x) — J_,(x) (10) 


sin var 


and the function J,(x) are linearly independent solutions of (1). Thus another form of the general 
solution of (1) is y = c,J,(x) + coY,(x), provided v # integer. As vy > m, m an integer, (10) has 
the indeterminate form 0/0. However, it can be shown by L’ H6pital’s rule that lim,,_,,,, Y,(x) 
exists. Moreover, the function 

Y,,(x) = lim Y,(x) 


vom 


and J,,(x) are linearly independent solutions of xy" + xy’ + (x? — m’)y = 0. Hence for any value 
of v the general solution of (1) on the interval (0, oo) can be written as 


y = CJ,(X) + CY). (11) 


Y,(x) is called the Bessel function of the second kind of order v. FIGURE 5.3.2 shows the graphs 
of Yo(x) (blue) and Y,(4) (red). 


| EXAMPLE2 | General Solution: v an Integer 


By identifying v? = 9 and v = 3 we see from (11) that the general solution of the equation 
xy" + xy’ + (x* — 9)y = 0 on (0, 00) is y = cJ3(x) + C2Y3(x). = 


Hi DEs Solvable in Terms of Bessel Functions Sometimes it is possible to transform 
a differential equation into equation (1) by means of a change of variable. We can then express 
the solution of the original equation in terms of Bessel functions. For example, if we let t = ax, 
a> 0, in 


xy" + xy! + (e°x? — vy = 0, (12) 
then by the Chain Rule, 
dy dy dt dy d’y d (2) dt 5 d’y 
= =a and 7 = =a°—,. 
dx dt dx dt dx” — dt \dx/ dx dt~ 


Accordingly (12) becomes 


ty ,d’y  (t\ oy oy Fy Wy 
(L) S24 = ws v)y =0 or oe ae v-)y = 0. 


The last equation is Bessel’s equation of order v with solution y = c,J,(t) + c2Y,(0). By 
resubstituting ¢ = ax in the last expression we find that the general solution of (12) on the 
interval (0, co) is 


y = ¢,J,(ax) + crY,(ax). (13) 


Equation (12), called the parametric Bessel equation of order v, and its general solution (13) 
are very important in the study of certain boundary-value problems involving partial differential 
equations that are expressed in cylindrical coordinates. 
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FIGURE 5.3.3 Modified Bessel function 
of the first kind for n = 0, 1, 2, 3, 4 
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FIGURE 5.3.4 Modified Bessel function 
of the second kind for n = 0, 1, 2, 3, 4 


Hi Modified Bessel Functions Another equation that bears a resemblance to (1) is the 
modified Bessel equation of order v, 


xy" + xy’ — 02 + )y = 0. (14) 


This DE can be solved in the manner just illustrated for (12). This time if we let tf = ix, where 
i? = —1, then (14) becomes 


d* d 
ak ie 


t 2 
dt~ dt 


+ (¢? — vy = 0. 


Since solutions of the last DE are J,(f) and Y,(t), complex-valued solutions of equation (14) are 
J,(ix) and Y,(ix). A real-valued solution, called the modified Bessel function of the first kind 
of order v, is defined in terms of J,(ix): 


I(x) = 1°, (ix). 
See Problem 21 in Exercises 5.3. The general solution of (14) is 
y=c1,(x) + col_,(x), v # integer. (15) 


When p is an integer 7 the functions /,(x) and /_,, (x) are not linearly independent on the interval 
(0, co). So, analogous to (10), we define the modified Bessel function of the second kind of 
order v # integer to be 
I_,@ - La 
K,(@) = 2 2@) — 209. (16) 


2 sin var 


and for integral vy = n, 


K,(x) = lim K, (4). 
Because /, and K,, are linearly independent on the interval (0, oo) for any value of v, the general 
solution of (14) is 


y = C1, (a) + cK, (Q). (17) 


The graphs of J,(x) (blue) and J,(x) (red) are given in FIGURE 5.3.3 and the graphs K,(x) (blue) 
and K,(x) (red) are shown in FIGURE 5.3.4. Unlike the Bessel functions of the first and second 
kinds, the graphs of the modified Bessel functions of the first kind and second kind are not 
oscillatory. Moreover, the graphs in Figures 5.3.3 and 5.3.4 illustrate the fact that the modified 
Bessel functions J,(x) and K,(x), n = 0, 1, 2,... have no real zeros in the interval (0, co). Also, 
note that K,,(x) > 00 asx > 0". 

Proceeding as we did in (12) and (13), we see that the general solution of the parametric 
form of the modified Bessel equation of order v 


xy" + xy’ — (a?x? + v*)y =0 (18) 
on the interval (0, co) is 


} on cL (ax) a CK, (ax). (19) 


| EXAMPLE3 | Parametric Modified Bessel Equation 


By identifying a? = 25, v? = 4, a = 5, and v = 2 it follows from (19) that the general solution 
of the equation x*y" + xy’ — (25x* + 4y = 0on (0,00) is y = c(5x) + K,(5x). = 


Yet another equation, important because many differential equations fit into its form by 
appropriate choices of the parameters, is 


1 = 24 a’ — pc? 


y" 4: y! a (sere ae Pe), = 0, Dp = 0. (20) 
x 


Although we shall not supply the details, the general solution of (20), 
y = x" [eJ, (bx) + oY, (bx) |, (21) 
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can be found by means of a change in both the independent and the dependent variables: 


alc 
2=6%,1G) = (2) w(z). If p is not an integer, then Y,, in (21) can be replaced by J_,,. 


| EXAMPLE4 | Using (20) 


Find the general solution of xy” + 3y’ + 9y = 0 on (0, co). 
SOLUTION By writing the given DE as 


” 3, 9 
y’+—-y'+—-y=0 
x x 


we can make the following identifications with (20): 
1—2a=3, bc? =9, 2c —-2=-1, and a’ — p’c? = 0. 


The first and third equations imply a = —1 and c = +. With these values the second and fourth 
equations are satisfied by taking b = 6 and p = 2. From (21) we find that the general solution 
of the given DE on the interval (0, 00) is y = x | [e,J>(6x'”) + c,¥3(6x")]. = 


| EXAMPLES — | The Aging Spring Revisited 


Recall that in Section 3.8 we saw that one mathematical model for the free undamped motion 
of a mass on an aging spring is given by mx” + ke “x = 0, a > 0. We are now in a position 
to find the general solution of the equation. It is left as a problem to show that the change of 


2 /k 
variables s = aye e “ transforms the differential equation of the aging spring into 
m 


d°x d. 
ee Fe ene 
s KY 


The last equation is recognized as (1) with v = 0 and where the symbols x and s play the roles 
of y and x, respectively. The general solution of the new equation is x = c,Jo(s) + c,Yo(s). If 
we resubstitute s, then the general solution of mx” + ke~“'x = 0 is seen to be 


2 fk _. Ae 
xt = evo(2 me ?\ + en(2 ae ) 


See Problems 33 and 45 in Exercises 5.3. = 


The other model discussed in Section 5.1 of a spring whose characteristics change with time 
was mx" + ktx = 0. By dividing through by m we see that the equation x” + (k/m) tx = 0 is Airy’s 
equation, y” + a*xy = 0. See the discussion following Example 2 in Section 5.1. The general 
solution of Airy’s differential equation can also be written in terms of Bessel functions. See 
Problems 34, 35, and 46 in Exercises 5.3. 


Hi Properties We list below a few of the more useful properties of Bessel functions of the 
first and second kinds of order m, m = O, 1, 2,...: 


Jin Q) = (— Dn) (ti) Jn(—x) = (— DI)"Tin@) 


0, m>O 
1 


(iv) lim Y,,(x) = —oo. 
», m=0 x30° 


(iii) J,(0) = { 
Note that Property (ii) indicates that J,,(x) is an even function if m is an even integer and an odd 
function if m is an odd integer. The graphs of Yo(x) and Y,(x) in Figure 5.3.2 illustrate Property (iv): 
Y,,(x) is unbounded at the origin. This last fact is not obvious from (10). The solutions of the Bessel 
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equation of order 0 can be obtained using the solutions y,(x) in (21) and y,(x) in (22) of Section 5.2. 
It can be shown that (21) of Section 5.2 is y,(x) = Jo(x), whereas (22) of that section is 


fore) —| k 1 1 2k 
yo(x) = Jo(x) Inx — ya (1 peat *) (z) 


k=1 


The Bessel function of the second kind of order 0, Yo(x), is then defined to be the linear combina- 


2 2 
tion Yo(x) = rs) (y — In2) y\(x) + 7 2) for x > 0. That is, 


Yo(a) = = Joa] y + In 25 (+ b+ +E) 

x) = —Jo(x + In = Sore iad! || (Geren fees 

0 | oe (kD? 2 Ew) 

where y = 0.57721566...is Euler’s constant. Because of the presence of the logarithmic term, 
it is apparent that Y(x) is discontinuous at x = 0. 


|| Numerical Values The first five nonnegative zeros of Jo(x), J;(x), Yo(x), and Y,(x) are given 
in Table 5.3.1. Some additional functional values of these four functions are given in Table 5.3.2. 


TABLE 5.3.1 = Zeros of Jo, J,, Yo, and Y, TABLE 5.3.2 Numerical Values of Jo, J,, Yo, and Y, 

Jo(x) Ji(x) Yo(x) YQ) x Jo(x) Ji) Yo(x) Yi@) 
2.4048 0.0000 0.8936 2.1971 0 1.0000 0.0000 _ — 
5.5201 3.8317 3.9577 5.4297 i 0.7652 0.4401 0.0883 —0.7812 
8.6537 7.0156 7.0861 8.5960 2 0.2239 0.5767 0.5104 —0.1070 
11.7915 10.1735 10.2223 11.7492 3 —0.2601 0.3391 0.3769 0.3247 
14.9309 13.3237 13.3611 14.8974 4 —0.3971 —0.0660 —0.0169 0.3979 
5 —0.1776 —0.3276 —0.3085 0.1479 
6 0.1506 —0.2767 —0.2882 —0.1750 
7 0.3001 —0.0047 —0.0259 —0.3027 

8 0.1717 0.2346 0.2235 —0.1581 
9 —0.0903 0.2453 0.2499 0.1043 
10 —0.2459 0.0435 0.0557 0.2490 
11 —0.1712 —0.1768 —0.1688 0.1637 

12 0.0477 —0.2234 —0.2252 —0.0571 

13 0.2069 —0.0703 —0.0782 —0.2101 
14 0.1711 0.1334 0.1272 —0.1666 

15 —0.0142 0.2051 0.2055 0.0211 


il Differential Recurrence Relation Recurrence formulas that relate Bessel functions 
of different orders are important in theory and in applications. In the next example we derive a 
differential recurrence relation. 


| EXAMPLE6 | Derivation Using the Series Definition 


Derive the formula XS) (x) = Vd, (x) — XS, 4.1(X). 
SOLUTION It follows from (7) that 


Se (=17 On tH) (z)"" 
Qoa'rd + v +n) \2 


fore) (-1)" x 2n+v co (-1)'n em 
= + 
ve nd +p +n) (z) 22 aT + +n)\2 


- (-1)" x 2nt+v-1 
v(x) + r2G, — 1d +v +n) 6 


n=1 


Ms es 


k=n-1 


oo (-1)* 2k+vt+1 
= vJ,(x) x2 TQ ++ (5) = vJ,(x) — xJ,4)(%). 


xJ (x) = 
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The result in Example 6 can be written in an alternative form. Dividing xJ{(x) — vJ,(x) = 
—xJ,+,(x) by x gives 


TG) — =I) = Jy. 


This last expression is recognized as a linear first-order differential equation in J,(x). Multiplying 
both sides of the equality by the integrating factor x ” then yields 


= Ix” A(X) | = = pail). (22) 
dx 


It can be shown in a similar manner that 


d 
— [ee eS a): (23) 
dx 


See Problem 27 in Exercises 5.3. The differential recurrence relations (22) and (23) are also valid 


for the Bessel function of the second kind Y,(x). Observe that when v = 0 it follows from (22) that 


d d 
ao” = —J\(x) and = Yo(x) == Y,(x). (24) 
Ix dx 


Results similar to (24) also hold for the modified Bessel functions of the first and second kind 
of order v = 0: 


d d 
— I(x) = Lx) and — Ko(x) = — K(x). (25) 
dx dx 
See Problems 43 and 45 in Exercises 5.3 for applications of these derivatives. 
[| Bessel Functions of Half-Integral Order When the order v is half an odd integer, 
that is, +3, +3, +3. ..., Bessel functions of the first and second kinds can be expressed in terms 


of the elementary functions sin x, cos x, and powers of x. To see this let’s consider the case when 
p= 5. From (7) we have 


oo (—1"" (=)"" 
Jip(x) = . 
2) = ard +i+n)\2 


See Appendix II. > In view of the properties the gamma function, ['(1 + a) = al (a) and the fact that [(5) = Var 
the values of (1 + 5 +n) forn = 0,n = 1,n = 2, andn = 3 are, respectively, 


rg) =P +) = 40g) = Vm 


TG) = 11 + 3) = 3T@) = ava 
rd) =r +) =39@ = oa = ee ‘Vir = av 
rG) = +9) =i1@ = Va - set - a ™ 
In general, Td +34+n)= ae 
Benes: lee) > a yr" ~ 2 > oe es 
“pty V7 
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FIGURE 5.3.5 Spherical Bessel functions 
Jo(x) and yo(x) 


The infinite series in the last line is the Maclaurin series for sinx, and so we have shown that 


2 
Jinx) = 4 j— sin. (26) 


We leave it as an exercise to show that 


ee 
Je y2(X) = ae COS xX. (27) 


See Problems 31 and 32 in Exercises 5.3. 
If n is an integer, then the order v = n + 4is half an odd integer. Because cos(n + 3) = 0 
and sin(n + 5) = cosn7 = (—1)", we see from (10) that 


Vivir) = (— 1)" a t-1y(X)- (28) 


For n = 0 andn = —1 in the last formula, we get, in turn, Yj(x) = —J_ 1. (x) and Y_ jp) = Ji (x). 
In view of (26) and (27) these results are the same as 


2 
Yin(x) = —/ cos x (29) 
Psd 
and Y_ip() = ay Sin (30) 


Hi Spherical Bessel Functions Bessel functions of half-integral order are used to define 
two more important functions: 


T 7 
In(X) = 2 Jn412(X) and YnlX) = Yi+12%). (31) 
\ 24 V 2x 


The function j,,(x) is called the spherical Bessel function of the first kind and y,(x) is the 
spherical Bessel function of the second kind. For example, by using (26) and (29) we see that 
for n = 0 the expressions in (31) become 


: | 7 ] ja {2 . sin x 
Jo(x) = x (x) = 5p Ni art sinx = # 
d (x) hie. fa | 2 __ COs x 
an Yo x)= x 1/2, x = COS xX = - é 


The graphs of j,(x) and y,(x) for n = 0 are very similar to those given in Figures 5.3.1 and 
5.3.2; that is, both functions are oscillatory, and y,(x) becomes unbounded as x > 0*. The 
graphs of jo(x) (blue) and yo(x) (red) are given in FIGURE 5.3.5. See Problems 39 and 40 in 
Exercises 5.3. 

Spherical Bessel functions arise in the solution of a special partial differential equation ex- 
pressed in spherical coordinates. See Problems 41 and 42 in Exercises 5.3 and Problem 14 in 
Exercises 14.3. 


5.3 Special Functions | 287 


288 


5.3.2 Legendre Functions 


I| The Solution Since x = 0is an ordinary point of Legendre’s equation (2), we substitute 
the series y= >; c,x*, shift summation indices, and combine series to get 


(1 — x’)y" — 2xy’ + n(n + Dy = [n(n + Deg + 22] + [Hm — 1)(n + 2)e, + 6e3]x 
+ SIG + DG + Dejro + (2 -— Pn +j + VYejdx/ = 0, 
jH2 


which implies that n(n + 1)cg + 2c, = O 
(n — 1)(n + 2)e, + 6c3 = 0 
G+2G + Deoiwta-patj+ De =0 


n(n + 1) 
or C= >, 0 
(n — 1)(n + 2) 
03 = 31 Cy 
n-j\(n+j7+1 
Cap = ca aa a 7=2,3,4,.... (32) 
(j + 27 + 1) 
Letting j take on the values 2, 3, 4, ..., recurrence relation (32) yields 


(n — 2)(n + 3) (n — 2)n(n + 1)\(n + 3) 
= C 


- 45% mr 4! 8 
(n — 3)\(n + 4) (n — 3)(n — 1)(n + 2)(n + 4) 
C5 a= Cy 
5:4 5! 
(n — 4)(n + 5) (n — 4)(n — 2)n(n + 1)(n + 3)(n + 5) 
C6 C4 Co 
6:5 6! 
(n — 5)(n + 6) (n — 5)(n — 3)(n — 1)(n + 2)(n + 4)(n + 6) 
* 7-6 _ 7! “ 


and so on. Thus for at least |x| < 1 we obtain two linearly independent power series solutions: 


zl = 2n(n + Dn + 3 
yi) = a = ee dn a. (n \n 4 
(n — 4)(n — 2)n(n + 1)(n + 3)(n + 5) 
7 6! xo fee 
(33) 
yo(x) = as es ee) al (n — 3)(n — 1)(n + 2)(n + 4) : 
3! 5 
(n — 5)(n — 3)(n — 1)(n + 2)(n + 4)(n + 6) 14 
7 x see : 
7! 


Notice that if m is an even integer, the first series terminates, whereas y,(x) is an infinite series. 
For example, if n = 4, then 


4-5 2°4:5-7 35 
y(x) = co} 1 — e+ x 7 a — 10x? + S.. 


2! 4! 


Similarly, when n is an odd integer, the series for y,(x) terminates with x’; that is, when n is a 
nonnegative integer, we obtain an nth-degree polynomial solution of Legendre’s equation. 
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FIGURE 5.3.6 Legendre polynomials 
for n = 0, 1, 2, 3, 4,5 


Since we know that a constant multiple of a solution of Legendre’s equation is also a solution, 
it is traditional to choose specific values for cp or c,, depending on whether n is an even or odd 
positive integer, respectively. For n = 0 we choose cy = 1, and for n = 2,4, 6,..., 


wp bien =D 
y= 


“Hn 


whereas for n = 1 we choose c, = 1, and forn = 3,5,7,..., 


= —] (n—1)/2 : 
a a A 2 eT 
For example, when n = 4 we have 
IS 35 1 
y(x) = a 1 — 10x? + 3 xt) = 8 (35x* — 30x? + 3). 


|| Legendre Polynomials These specific nth-degree polynomial solutions are called 
Legendre polynomials and are denoted by P,,(x). From the series for y,(x) and y,(x) and from 
the above choices of cy and c, we find that the first six Legendre polynomials are 


Po(x) = 1, P,(x) =x, 


Pi = 5 Gr — 1), PQ) = 56x — 3x), (34) 


1 1 
P4(x) = 3g 35" = 300 + 3), P(x) = 3g 63" = TO + 15x), 

Remember, Po(x), P(x), P2(x), P3(x), ..., are, in turn, particular solutions of the differential 
equations 

n=0: (1 —x)y’— 2xy’ =0 

n=1: (1 —2)y” — 2xy’ + 2y=0 

n=2: (1 —2x°*)y" — 2xy’ + 6y =0 (35) 

n=3: (1 —x)y" — 2xy’ + 12y =0 

The graphs, on the interval [—1, 1], of the six Legendre polynomials in (34) are given in 

FIGURE 5.3.6. 


I Properties You are encouraged to verify the following properties for the Legendre 
polynomials in (34): 


(i) P,(—x) = (-—D"P,.@) 
(ii) P,Q) = 1 (ii) P—1) = (1 
(iv) P,(O) = 0, n odd (v) P/(O) = 0, n even. 


Property (i) indicates, as is apparent in Figure 5.3.6, that P,,(x) is an even or odd function accord- 
ing to whether v is even or odd. 


I| Recurrence Relation Recurrence relations that relate Legendre polynomials of differ- 
ent degrees are also important in some aspects of their applications. We state, without proof, the 
following three-term recurrence relation 


(k + 1)Pyay(x) — (2k + Dx P(x) + kPy_\() = 0, (36) 
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which is valid for k = 1, 2, 3,.... In (34) we listed the first six Legendre polynomials. If, say, we 
wish to find P,(x), we can use (36) with k = 5. This relation expresses P,(x) in terms of the known 
P(x) and P;(x). See Problem 51 in Exercises 5.3. 

Another formula, although not a recurrence relation, can generate the Legendre polynomials 
by differentiation. Rodrigues’ formula for these polynomials is 


n 


2"n! dx" 


P(x) = (x? — 1)", n = 0,1,2,.... (37) 


See Problem 55 in Exercises 5.3. 


REMARKS 


Although we have assumed that the parameter n in Legendre’s differential equation 


(1 — #)y" — 2xy’ + n(n + 1)y = 0 


represented a nonnegative integer, in a more general setting n can represent any real number. 
If n is not a nonnegative integer, then both Legendre functions y,(x) and y,(x) given in (33) are 
infinite series convergent on the open interval (—1, 1) and divergent (unbounded) at x = +1. If 
n is a nonnegative integer, then as we have just seen one of the Legendre functions in (33) is a 
polynomial and the other is an infinite series convergent for —1 < x < 1. You should be 
aware of the fact that Legendre’s equation possesses solutions that are bounded on the closed 
interval [—1, 1] only in the case when n = 0, 1, 2,.... More to the point, the only Legendre 
functions that are bounded on the closed interval [—1, 1] are the Legendre polynomials P,,(x) 
or constant multiples of these polynomials. See Problem 53 in Exercises 5.3 and Problem 24 
in Chapter 5 in Review. 


| 5.3 | Exercises Answers to selected odd-numbered problems begin on page ANS-12. 


5.3.1. Bessel Functions In Problems 11 and 12, use the indicated change of variable to 
Bry a ee oe find the general solution of the given differential equation on 


In Problems 1-6, use (1) to find the general solution of the given the interval (0.00), 


differential equation on (0, oo). 
11. x*y" + 2xy’ + a’x’y = 0; y = x !?u(x) 


1. xy" + xy’ + @? — ay =0 2 2,2 241 
if-a7y7" + —-y+Dy=0; y= Vx 
2. xy" + xy’ + 0? - Dy =0 ae ee wr ay ee) 
3. 4x°y” + Axy' + (4x° — 25)y = 0 In Problems 13-20, use (20) to find the general solution of the 
4. 16x’y" + l6xy’ + (16x* — Dy =0 given differential equation on the interval (0, oo). 
ees — 13. xy" + 2y’ +4y=0 14 xy" + 3y’ +2y = 0 
6. ftw} +(x-4)y=0 15. xy” — yy’ +xy = 0 16. xy” — Sy’ + xy =0 
17. x2y"+ (x2 —2)y=0 18 4x2y"” + (16x? + Dy = 0 
” ’ Sag es 
In Problems 7 and 8, use (12) to find the general solution of the 19. xy" + 3y' t+ xy = 0 
given differential equation on the interval (0, co). 20. 9x°y" + Oxy’ + (x° — 36)y = 0 
1. xy" + xy’ + x2 — Ay = 0 21. Use the series in (7) to verify that J, (x) = i’, (ix) is areal function. 
8. x2y" + xy’ + 36x? — dy =0 22. Assume that b in equation (20) can be pure imaginary; that 
; is, b = Bi, B > 0, i- = —1. Use this assumption to express 
In Problems 9 and 10, ane (18) to find the general solution of the the general solution of the given differential equation in terms 
given differential equation on (0, oo). of the modified Bessel functions J, and K,,. 
9, x’y" + xy’ — (16x? + jy = 0 (a) y’-xy=0 
10. xy" + xy’ — (2x? + 64)y = 0 (b) xy" + y’ — Ixy =0 
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In 
of 


Problems 23-26, first use (20) to express the general solution 
the given differential equation in terms of Bessel functions. 


Then use (26) and (27) to express the general solution in terms 


of 
23. 


24. 
25. 
26. 
27. 


28. 


In 


elementary functions. 

. y ty=0 

xy" + 4xy’ + (x? + 2)y = 0 

16x*y" + 32xy’ + (x4 — 12)y =0 

Ax’y" — Axy' + (16x? + 3)y =0 

(a) Proceed as in Example 6 to show that 


XS} (x) = —v J, (x) + xJ,— (x). 


(Hint: Write 2n + v = 2(n+ v) — v.] 
(b) Use the result in part (a) to derive (23). 


Use the formula obtained in Example 6 along with part (a) of 
Problem 27 to derive the recurrence relation 


2v J, (x) = XS, + 1) + XS, — 1x). 


Problems 29 and 30, use (22) or (23) to obtain the given 


result. 


29 


31 


32. 


33. 


34. 


35. 


36. 


E [ rJ((r)dr = xJ,(x) 30. Jj(x) = J_\(x) = —J,(x) 


0 
. (a) Proceed as on pages 286-287 to derive the elementary 
form of J_/.(x) given in (27). 

Use v = —} along with (26) and (27) in the recurrence 
relation in Problem 28 to express J_3,(x) in terms of sin x, 
cos x, and powers of x. 

(c) Use a graphing utility to plot the graph of J_3/.(x). 

(a) Use the recurrence relation in Problem 28 to express 
J3(X), Js52(x), and J7,.(x) in terms of sin x, cos x, and 
powers of x. 

Use a graphing utility to plot the graphs of J3,>(x), J5;2(x), 
and J7/.(x) in the same coordinate plane. 


(b) 


(b) 
. 2 [kK _un 
Use the change of variables s = aa “ to show that the 
m 
differential equation of the aging spring mx” + ke “x = 0, 


a > 0, becomes 


d’ d. 
s? +s = + s*x = 0. 
ds ds 


Show that y = x!”w($ax*”) is a solution of the given form of 
Airy’s differential equation whenever w is a solution of the 
indicated Bessel’s equation. [Hint: After differentiating, sub- 
stituting, and simplifying, then let t = fax". 

(a) y’ + a’xy = 0,x > 0; t?w" + tw’ + (2? — 3)w =0,t>0 
(b) y" — a’xy = 0,x > 0; t?w" + ww’ — (? + §)w =0,t>0 
Use the result in parts (a) and (b) of Problem 34 to express 
the general solution on (0, ©) of each of the two forms of 
Airy’s equation in terms of Bessel functions. 

Use Table 5.3.1 to find the first three positive eigenvalues and 
corresponding eigenfunctions of the boundary-value problem 


xy" +4 y' Ait dxy = 0, 
y(x), y’(x) bounded as x > 0*, y(2) = 0. 


37. 


38. 


39. 


40. 


41. 


42. 


[Hint: By identifying A = a’, the DE is the parametric Bessel 

equation of order zero. ] 

(a) Use (20) to show that the general solution of the differ- 
ential equation xy” + Ay = 0 on the interval (0, co) is 


y = oy VxJ,(2VAX) + 6yVx¥,(2VAX). 


(b) Verify by direct substitution that y = VxJ,(2V%x) is a 
particular solution of the DE in the case \ = 1. 


Use L(x) = 7 ’J,(ix) along with (7) and (8) to show that: 


(a) Typ(x) i _— sinh x 
ne 
(b) IL 2x) = — cosh x 
TX 


(c) Use (16) to express K,/(x) in terms of elementary functions. 
(a) Use the first formula in (31) to find the spherical Bessel 
functions j,(x), jo(x), and j3(x). 

Use a graphing utility to plot the graphs of j;(x), j2(x) and 
j3(x) in the same coordinate plane. 

(a) Use the second formula in (31) to find the spherical Bessel 
functions y,(x), yo(x), and y3(x). 

Use a graphing utility to plot the graphs of y,(x), y.(x) 
and y3(x) in the same coordinate plane. 


(b 


~a 


(b) 


If n is an integer, use the substitution R(x) = (ax) '?Z(x) to 
show that the differential equation 
ga R dR 


x? — + 2x — + [a?x? -— n(n + 1I)IR = 0 


38 
dx? dx (38) 


becomes 


x ie +x = + [a’x? — (n + 5)°]Z = 0. (39) 

(a) In Problem 41, find the general solution of the differential 
equation in (39) on the interval (0, ~). 

(b) Use part (a) to find the general solution of the differential 
equation in (38) on the interval (0, ~). 

(c) Use part (b) to express the general solution of (38) in 
terms of the spherical Bessel functions of the first and 
second kind defined in (31). 


Mathematical Model 


43. 


Cooling Fin A cooling fin is an outward projection from a 
mechanical or electronic device from which heat can be radi- 
ated away from the device into the surrounding medium (such 
as air). See the accompanying photo. An annular, or ring- 
shaped, cooling fin is normally used on cylindrical surfaces 
such as a circular heating pipe. See FIGURE 5.3.7. In the latter 
case, let r denote the radial distance measured from the center 
line of the pipe and 7(r) the temperature within the fin defined 
for 79 = r = 1r;. It can be shown that 7(r) satisfies the differ- 
ential equation 


d{ dT\_ , 
Pw | iar = an = Ty) 
dr\. dr 
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where a’ is a constant and T,, is the constant air temperature. 
Suppose ry = 1, 7, = 3, and T,, = 70. Use the substitution 
w(r) = T(r) — 70 to show that the solution of the given dif- 
ferential equation subject to the boundary conditions 

T() = 160, 7’) =0 
K,(@a)I)(ar) + 1,3a)K)(ar) 
K,3a)Ig(a) + 1,3a)Ko(a) ° 


is T(r) = 70 + 90 


where and /,(x) and K,(x) are the modified Bessel functions 
of the first and second kind. You will also have to use the 
derivatives given in (25) on page 286. 


Cooling 
fin 


Circular 
pipe 


© GDragan/iStock/Thinkstock FIGURE 5.3.7 Annular 
Cooling fins on a motorcycle engine cooling fin 


44. Solve the differential equation in Problem 43 if the boundary 
conditions are 


T(1) = 160, 7(3) = 90. 


Computer Lab Assignments 


45. (a) Use the general solution given in Example 5 to solve 
the IVP 


4x" +e%l"y = 0, x0) = 1, x'(0) = -4. 


Also use Jo(x) = —J,(x) and Yo(x) = —Y,(x) along with 
Table 5.3.1 or a CAS to evaluate coefficients. 
(b) Use a CAS to graph the solution obtained in part (a) for 
0O=t<o. 
46. (a) Use the general solution obtained in Problem 35 to solve 
the IVP 


4x" + x = 0, x(0.1) = 1, x'(0.1) = —-4 


Use a CAS to evaluate coefficients. 
(b) Use a CAS to graph the solution obtained in part (a) for 
0=r= 200. 

47. Column Bending Under Its Own Weight A uniform thin col- 
umn of length L, positioned vertically with one end embedded 
in the ground, will deflect, or bend away, from the vertical 
under the influence of its own weight when its length or height 
exceeds a certain critical value. It can be shown that the an- 
gular deflection 6(x) of the column from the vertical at a point 
P(x) is a solution of the boundary-value problem 

d’0 
EI ie + 6g(L — x9 = 0, 00) =0, O'(L) = 0, 


49. 
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where F is Young’s modulus, /is the cross-sectional moment 
of inertia, 6 is the constant linear density, and x is the 
distance along the column measured from its base. See 
FIGURE 5.3.8. 
The column will bend only for those values of L for which 
the boundary-value problem has a nontrivial solution. 
(a) Restate the boundary-value problem by making the 
change of variables t = L — x. Then use the results of 
a problem earlier in this exercise set to express the gen- 
eral solution of the differential equation in terms of 
Bessel functions. 
Use the general solution found in part (a) to find a solution of 
the BVP and an equation that defines the critical length L, 
that is, the smallest value of L for which the column will start 
to bend. 
(c) With the aid of a CAS, find the critical length L of a solid 
steel rod of radius r = 0.05 in., 6g = 0.28 A Ib/in., 
E = 2.6 X 10’ Ib/in’, A = wr’, and/ = tar’. 


(b 


= 


Ground 


FIGURE 5.3.8 Column in Problem 47 


. Buckling of a Thin Vertical Column In Example 4 of 


Section 3.9 we saw that when a constant vertical compressive 
force, or load, P was applied to a thin column of uniform cross 
section and hinged at both ends, the deflection y(x) is a solu- 
tion of the BVP: 

2 


d 
HI + Py=0, (0) =0, yZ)=0. 
xX 


(a) Ifthe bending stiffness factor EJ is proportional to x, then 
EI(x) = kx, where k is a constant of proportionality. If 
EI(L) = kL = M is the maximum stiffness factor, then 
k = M/L and so El(x) = Mx/L. Use the information in 
Problem 37 to find a solution of 

x d’y 7 Z _ 
Mgt 0, y0)=0, wL)=0 
if it is known that VxY,(2V/Ax) is not zero at x = 0. 

(b) Use Table 5.3.1 to find the Euler load P, for the column. 

(c) Use a CAS to graph the first buckling mode y,(x) corre- 
sponding to the Euler load P,. For simplicity assume that 
c; = landL=1. 

Pendulum of Varying Length For the simple pendulum de- 

scribed on page 189 of Section 3.11, suppose that the rod 

holding the mass m at one end is replaced by a flexible wire 
and that the wire is fed by a pulley through the horizontal support 


at point O in FIGURE 5.3.9. In this manner, while it is in motion 
ina vertical plane, the mass m can be raised or lowered. In other 
words, the length /(¢) of the pendulum varies with time. Under 
the same assumptions leading to equation (6) in Section 3.11, 
it follows from (1) in Chapter 3 in Review that the differential 
equation for the displacement angle @(f) is now 


d’6 dl do 
I—, + 2—— + gsind = 0. 
dt? ag 


(a) If / increases at a constant rate v and /(0) = J, then 
show that a linearization of the foregoing differential 
equation is 

d’o dé 


(Ig + vt) i + 2v Ai + gf =0. (40) 


(b) Make the change of variables x = (J) + vt)/v and show 
that (40) becomes 


d’@  2d0 g 
+ + 


dx* = xdx vx 


0g =0. 


(c) Use part (b) and (20) to express the general solution of 
equation (40) in terms of Bessel functions. 

(d) Use the general solution obtained in part (c) to solve the 
initial-value problem consisting of equation (40) and 
the initial conditions 6(0) = 4, 0'(0) = 0. [Hints: To 
simplify calculations use a further change of variable 

2 
u= 5 V allo + vt) =2 — Also, recall (22) holds 
for both J,(u) and Y,(u). Finally, the identity 
2 
Ji(WY¥(u) — J(w)Y¥\(u) = —— 
TU 
will be helpful. ] 

(e) UseaCAS to graph the solution 0(2) of the IVP in part (d) 
when /) = 1 ft, 89 = 7p radian, and v = g ft/s. Experiment 
with the graph using different time intervals such as 
[0, 10], [0, 30], and so on. 


(f) What do the graphs indicate about the displacement angle 
@(t) as the length / of the wire increases with time? 


FIGURE 5.3.9 Pendulum of 
varying length in Problem 49 


*See Mathematical Methods in Physical Sciences, Mary Boas, John 
Wiley & Sons, 1966; Also see the article by Borelli, Coleman, and 
Hobson in Mathematics Magazine, vol. 58, no. 2, March 1985. 


5.3.2 


Legendre Functions 


50. 


51. 


52. 


53. 


54. 


(a) Use the explicit solutions y,(x) and y,(x) of Legendre’s 
equation given in (33) and the appropriate choice of cp 
and c, to find the Legendre polynomials P,(x) and P;(x). 

(b) Write the differential equations for which P,(x) and P7(x) 
are particular solutions. 

Use the recurrence relation (36) and P,(x) = 1, P(x) = x, to 

generate the next six Legendre polynomials. 

Show that the differential equation 


2 


nae eee Lait + Hew = 
sin de? COs do nn sin yy = 


can be transformed into Legendre’s equation by means of the 
substitution x = cos 0. 
Find the first three positive values of A for which the problem 


(1 — x*)y’ — 2xy’ + Ay =0, 
y(O) = 0, y(x), y'(x) bounded on [—1, 1] 


has nontrivial solutions. 
The differential equation 


2\,," ’ m 
ee 2 | ae Ds x|y = 9, 
= % 
is known as the associated Legendre equation. When m = 0 
this equation reduces to Legendre’s equation (2). A solution 


of the associated equation is 


d™ 
P(x) _ (1 == x?yn? 


Pp > 
dx” n(X) 


where P,,(x), n = 0, 1, 2, ... are the Legendre polynomials 

given in (34). The solutions P(x) for m = 0,1, 2, ..., are 

called associated Legendre functions. 

(a) Find the associated Legendre functions Pix), PY(x), 
Pj(x), P2(x), P3(x) , P3(x), P3(x), and P3(x). 

(b) What can you say about P7’(x) when m is an even non- 
negative integer? 

(c) What can you say about P*’(x) when m is a nonnegative 
integer and m > n? 

(d) Verify that y = Pj(x) satisfies the associated Legendre 
equation whenn = | andm = 1. 


Computer Lab Assignments 


55. 


56. 


57. 


For purposes of this problem, ignore the list of Legendre poly- 
nomials given on page 289 and the graphs given in Figure 5.3.6. 
Use Rodrigues’ formula (37) to generate the Legendre poly- 
nomials P(x), P>(x),..., P7(x). Use a CAS to carry out the 
differentiations and simplifications. 

Use a CAS to graph P(x), P(x),..., P7(x) on the closed 
interval [—1, 1]. 

Use a root-finding application to find the zeros of P;(x), 
P(x), ..., P7(x). If the Legendre polynomials are built-in 
functions of your CAS, find the zeros of Legendre polynomi- 
als of higher degree. Form a conjecture about the location of 
the zeros of any Legendre polynomial P,,(x), and then investi- 
gate to see whether it is true. 
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oa | Chapter in Review | pter in Review Answers to selected odd-numbered problems begin on page ANS-12. 


In Problems 1 and 2, answer true or false without referring back 
to the text. 


1. 


2. 


The general solution of x’y" + xy’ + (x? - l)y = 0 is 
y = CJ ,(x) + coJ_)(X). 

Since x = 0 is an irregular singular point of x*y" — xy’ + 
y = 0, the DE possesses no solution that is analytic at 
x =0. 


. Both power series solutions of y” + In(x + ly’ + y = 0 


centered at the ordinary point x = 0 are guaranteed to converge 
for all x in which one of the following intervals? 

(a) (—00, 00) (b) (-I1, 00) 

(©) [3,2] q@) [1,1] 


. x = Ois an ordinary point of a certain linear differential equa- 


tion. After the assumed solution y = S>°_,c,,.x" is substituted 
into the DE, the following algebraic system is obtained by 
equating the coefficients of x°, x', x7, and x° to zero: 
2c, + 2c, + 
6c; + 4c, + 
12c, + 6c3 + cy) — Fc, = 
20c; + 8c4 + ©€3 — 3e) = 
Bearing in mind that cy and c, are arbitrary, write down the 


first five terms of two power series solutions of the differential 
equation. 


. Suppose the powers series }} 9 c,(x — 4)‘ is known to con- 


verge at —2 and diverge at 13. Discuss whether the series 
converges at —7, 0, 7, 10, and 11. Possible answers are does, 
does not, or might. 


. Use the Maclaurin series for sin x and cos x along with long 


division to find the first three nonzero terms of a power series 
sin x 


in x for the function f(x) = é 
cos x 


In Problems 7 and 8, construct a linear second-order differential 
equation that has the given properties. 


7. 


A regular singular point at x = | and an irregular singular 
point at x = 0. 
Regular singular points at x = 1 and at x = —3. 


In Problems 9-14, use an appropriate infinite series method about 
x = 0 to find two solutions of the given differential equation. 


9. 
11. 
13. 


2xy"+y' +y=0 
(x — 1l)y" + 3y =0 12, y"—x’y'+xy=0 
xy" — (x + 2)y' + 2y=0 14 (cos xy" + y=0 


10. y’— xy’ -y=0 


In Problems 15 and 16, solve the given initial-value problem. 


15. 


16. 
17. 


y’ + xy’ + 2y = 0, y(0) = 3, y'O) = —2 


(x + 2)y" + 3y = 0, y(0) = 0, y’(0) = 1 
Without actually solving the differential equation 


(1 — 2 sin x)y" + xy =0 


find a lower bound for the radius of convergence of power series 
solutions about the ordinary point x = 0. 
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18. 


Even though x = 0 is an ordinary point of the differential 
equation, explain why it is not a good idea to try to find a 
solution of the IVP 

yi tay’ t+y=0, y= —-6, y')=3 


of the form > 9c,.x". Using power series, find a better way 
to solve the problem. 


In Problems 19 and 20, investigate whether x = 0 is an ordinary 
point, singular point, or irregular singular point of the given differ- 
ential equation. [Hint: Recall the Maclaurin series for cos x and e”.] 


19. 
20. 
21. 


22. 


23. 


24. 
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xy" + (1 — cos x)y’ + xy =0 
(e*—1—x)y"+xy=0 
Note that x = 0 is an ordinary point of the differential equation 


y" + xy! + Ixy = 5 — 2x + 102’. 


Use the assumption y = S,_9c,x" to find the general solution 
y = ye + y, that consists of three power series centered at 
x=0. 

The first-order differential equation dy/dx = x° + y’ cannot 
be solved in terms of elementary functions. However, a solu- 
tion can be expressed in terms of Bessel functions. 


ld 
(a) Show that the substitution y = —— a leads to the equa- 
tion u” + xu = 0. vie 


(b) Use (20) in Section 5.3 to find the general solution of 
u" + xu =0. 
(c) Use (22) and (23) in Section 5.3 in the forms 


Ti) = <I) ~ Ins) 


and FO) = 2 I,Q) + J) 


as an aid in showing that a one-parameter family of 
solutions of dy/dx = x° + y’ is given by 


Faia x) — cI su x) 


ING: x + J vag ) 


Express the general solution of the given differential equation 

on the interval (0, co) in terms of Bessel functions. 

(a) 4x°y’ + 4xy’ + (64x? — 9)y = 0 

(b) x’y’ + xy’ — (36x? + 9)y =0 

(a) From (34) and (35) of Section 5.3 we know that when 
n= 0, Legendre’s differential equation (1 — x*)y” — 2xy’ =0 
has the polynomial solution y = P)(x) = 1. Use (5) of 
Section 3.2 to show that a second Legendre function 
satisfying the DE on the interval (—1, 1) is 


= 4 (; + * 
a a cor 
We also know from (34) and (35) of Section 5.3 that 


when n = 1, Legendre’s differential equation 
(1 — x*)y" — 2xy’ + 2y = 0 possesses the polynomial 


(b 


w—a 


solution y = P,(x) = x. Use (5) of Section 3.2 to show 
that a second Legendre function satisfying the DE on the 
interval (—1, 1) is 


x (=) 
= n 
ee ee 


(c) Use a graphing utility to graph the logarithmic Legendre 
functions given in parts (a) and (b). 
25. Use binomial series to formally show that 


G=2t+ ry = Fy Piai" 


n=0 


26. Use the result obtained in Probem 25 to show that P,(1) = 1 
and P,,(— 1) = (— 1)”. See Properties (ii) and (iii) on page 289. 
27. The differential equation 


y” — Ixy’ + 2ay = 0 


is known as Hermite’s equation of order a@ after the French 
mathematician Charles Hermite (1822—1901). Show that the 
general solution of the equation is yx) = cyy,(x) + c,y2(x), 


where 
oe Da(a — 2)-+*(a — 2k + 2) 
= > k 2k 
yi) = 1 + 2! 1) Qk! x 
< 2a — (a — 3) (a — 2k + 1), 
— > k 2k+1 
yx) = x + 2 1) (2k + D! x 


are power series solutions centered at the ordinary point 0. 
28. (a) Whena = nisanonnegative integer Hermite’s differen- 
tial equation always possesses a polynomial solution of 
degree n. Use y,(x) given in Problem 27 to find polynomial 
solutions forn = 0,n = 2,andn = 4. Then use y,(x) in 
Problem 27 to find polynomial solutions forn = 1,n = 3, 
andn = 5. 


29. 


30. 


(b) A Hermite polynomial /7,,(x) is defined to be an nth degree 
polynomial solution of Hermite’s differential equation 
multiplied by an appropriate constant so that the coefficient 
of x” in H,,(x) is 2”. Use the polynomial solutions found in 
part (a) to show that the first six Hermite polynomials are 


A(x) = 1 

A(x) = 2x 

Hy(x) = 4x? — 2 

Hy(x) = 8x? — 12x 

Hx) = 16x* = 48x? + 12 

H(x) = 32x> — 160x? + 120x. 
The differential equation 

(1 — x*)y" -— xy’ + ae’y = 0 

where a is a parameter, is known as Chebyshev’s equation 
after the Russian mathematician Pafnuty Chebyshev (1821— 
1894). Find the general solution y(x) = coy,(x) + c,y2(x) of 
the equation, where y,(x) and y,(x) are power series solutions 
centered at the ordinary point 0 and containing only even 
powers of x and odd powers of x, respectively. 
(a) When a = nis a nonnegative integer Chebyshev’s dif- 
ferential equation always possesses a polynomial solution 
of degree n. Use y,(x) found in Problem 29 to find poly- 
nomial solutions forn = 0,n = 2,andn = 4. Then use 
y(x) in Problem 29 to find polynomial solutions for 
n= 1,n = 3,andn = 5. 
A Chebyshev polynomial 7,,(x) is defined to be an nth 
degree polynomial solution of Chebyshev’s equation 
multiplied by the constant (— 1)"? when n is even and by 
(—1)"~ ??n when n is odd. Use the solutions found in 
part (a) to obtain the first six Chebyshev polynomials 
To(x), T(x), ..., T5(x). 


(b 


— 
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bd. 


* 


& +y20]s1871NYS/s]axidaULUXIs 5 


i 


CHAPTER 


A differential equation need not 
possess a solution. But even when 
a solution exists, we may not be 
able to exhibit it in an explicit or 
implicit form—we may have to be 
content with an approximation 
to the solution. In this chapter 
we continue the basic idea 
introduced in Section 2.6, that 
is, using the differential 
equation to construct algorithms 
to approximate the y-coordinates 
of the points on an actual 
solution curve. 


Numerical Solutions 


of Ordinary 
Differential Equations 


CHAPTER CONTENTS 


6.1 Euler Methods and Error Analysis 

6.2 Runge-Kutta Methods 

6.3 Multistep Methods 

6.4 Higher-Order Equations and Systems 

6.5 Second-Order Boundary-Value Problems 
Chapter 6 in Review 
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| Euler Methods and Error Analysis 


INTRODUCTION In Section 2.6 we examined one of the simplest numerical methods for 
approximating solutions of first-order initial-value problems y’ = f(x, y), y(xo) = yo. Recall that 
the backbone of Euler’s method was the formula 


Ynt1 — Yn 7 hf, Yn)» (1) 


where fis the function obtained from the differential equation y’ = f(x, y). The recursive use 
of (1) for n = 0, 1, 2, ... yields the y-coordinates y,, y>, y3, ... of points on successive “tangent 
lines” to the solution curve at x), X7, %3, ... OF X,, =X) + nh, where h is a constant and is the size 
of the step between x, and x, ,,. The values y,, yo, y3, ... approximate the values of a solution 
y(x) of the IVP at x, x5, x3, .... But whatever advantage (1) has in its simplicity is lost in the 
crudeness of its approximations. 


Hi A Comparison In Problem 4 in Exercises 2.6 you were asked to use Euler’s method to 
obtain the approximate value of y(1.5) for the solution of the initial-value problem y’ = 2xy, 
y(1) = 1. You should have obtained the analytic solution y = e* | and results similar to those 
given in Tables 6.1.1 and 6.1.2. 


TABLE 6.1.1 Euler’s Method with h = 0.1 TABLE 6.1.2 Euler’s Method with h = 0.05 
Actual Abs. % Rel. Actual Abs. % Rel. 
a6 Yn Value Error Error Xe Ve Value Error Error 
1.00 1.0000 1.0000 0.0000 0.00 1.00 1.0000 1.0000 0.0000 0.00 
1.10 1.2000 1.2337 0.0337 ag 1.05 1.1000 1.1079 0.0079 0.72 
1.20 1.4640 1.5527 0.0887 5.71 1.10 1.2155 1.2337 0.0182 1.47 
1.30 1.8154 1.9937 0.1784 8.95 ) a 1.3492 1.3806 0.0314 2.27 
1.40 2.2874 2.6117 0.3244 12.42 1.20 1.5044 1.5527 0.0483 3.11 
1.50 2.9278 3.4903 0.5625 16.12 1.25 1.6849 1.7551 0.0702 4.00 
1.30 1.8955 1.9937 0.0982 4.93 
1.35 2.1419 2.2762 0.1343 5.90 
1.40 2.4311 2.6117 0.1806 6.92 
1.45 2.7714 3.0117 0.2403 7.98 
1.50 3.1733 3.4903 0.3171 9.08 


In this case, with a step size h = 0.1, a 16% relative error in the calculation of the approxi- 
mation to y(1.5) is totally unacceptable. At the expense of doubling the number of calculations, 
some improvement in accuracy is obtained by halving the step size to h = 0.05. 


J Errors in Numerical Methods In choosing and using a numerical method for the so- 
lution of an initial-value problem, we must be aware of the various sources of errors. For some 
kinds of computation the accumulation of errors might reduce the accuracy of an approxima- 
tion to the point of making the computation useless. On the other hand, depending on the use to 
which a numerical solution may be put, extreme accuracy may not be worth the added expense 
and complication. 

One source of error always present in calculations is round-off error. This error results from 
the fact that any calculator or computer can represent numbers using only a finite number of 
digits. Suppose, for the sake of illustration, that we have a calculator that uses base 10 arithmetic 
and carries four digits, so that } is represented in the calculator as 0.3333 and § is represented as 
0.1111. If we use this calculator to compute (x7 — 5)/(« = 5) for x = 0.3334, we obtain 


(0.3334 — 0.1111 — 0.1112 — 0.11 
0.3334 — 0.3333 0.3334 — 0.3333 
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With the help of a little algebra, however, we see that 


was _ @- PEt) _ 1 


, 
x-4 x—4 3 


so that when x = 0.3334, (x? — $)/(x — $) = 0.3334 + 0.3333 = 0.6667. This example shows that 
the effects of round-off error can be quite serious unless some care is taken. One way to reduce 
the effect of round-off error is to minimize the number of calculations. Another technique on a 
computer is to use double-precision arithmetic to check the results. In general, round-off error 
is unpredictable and difficult to analyze, and we will neglect it in the error analysis that follows. 
We will concentrate on investigating the error introduced by using a formula or algorithm to 
approximate the values of the solution. 


I Truncation Errors for Euler's Method Inthe sequence of values y,, y>, y3, ... generated 
from (1), usually the value of y, will not agree with the actual solution evaluated at x,, namely, 
y(x,), because the algorithm gives only a straight-line approximation to the solution. See 
Figure 2.6.2. The error is called the local truncation error, formula error, or discretization 
error. It occurs at each step; that is, if we assume that y, is accurate, then y, ,, will contain a 
local truncation error. 

To derive a formula for the local truncation error for Euler’s method, we use Taylor’s formula 
with remainder. If a function y(x) possesses k + | derivatives that are continuous on an open 
interval containing a and x, then 


(x _, aye 


(e+ Or’ 


Ge ay 
k! 


y(x) = y(a) + y'(a) X—a foe. 4 ya) ab y** De) 


1! 


where c is some point between a and x. Setting k = 1,a = x,,andx = x, ., =x, + h, we get 


qn 


> 


h h h? 
YOn+ = y(X%,) oi y' (Xn) qd + y"(c) oy or YX, + ) =n + hf (Xn, Yn) + y'(c) on 


Yn+1 


Euler’s method (1) is the last formula without the last term; hence the local truncation error in 
Yn+1 is 
; 


y"(c) 71 where x,<c<X, 4). 


The value of c is usually unknown (it exists theoretically), and so the exact error cannot be cal- 
culated, but an upper bound on the absolute value of the error is 


2 


h 
Ms, where M= max ly"(x)l. 


Xp SES 41 


In discussing errors arising from the use of numerical methods, it is helpful to use the notation 
Oh"). To define this concept we let e(/) denote the error in a numerical calculation depending on h. 
Then e(/) is said to be of order h”, denoted by O(h"), if there is a constant C and a positive integer n 
such that le(h)| = Ch” for his sufficiently small. Thus the local truncation error for Euler’s method 
is O(h’). We note that, in general, if e(h) in a numerical method is of order h", and h is halved, 
the new error is approximately C(h/2)" = Ch"/2"; that is, the error is reduced by a factor of (3)”. 


| EXAMPLE1 | Bound for Local Truncation Error 


Find a bound for the local truncation errors for Euler’s method applied to y’ = 2xy, y(1) = 1. 


SOLUTION From the solution y = e* —! we get y” = (2 + 4x’)e*~!, and so the local trun- 
cation error is 


ie seed 2) eye 
VIF Cc ye 3? 
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/ 
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“7M = F(X, Yo) 


FIGURE 6.1.1 Slope m,,. is average of 
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where c is between x, and x,, + h. In particular, for h = 0.1 we can get an upper bound on the 
local truncation error for y, by replacing c by 1.1: 


(0.1)° 
2 


[2 + (4)(.1)7Je = 0.0422. 


From Table 6.1.1 we see that the error after the first step is 0.0337, less than the value given 
by the bound. 

Similarly, we can get a bound for the local truncation error for any of the five steps given 
in Table 6.1.1 by replacing c by 1.5 (this value of c gives the largest value of y’(c) for any of 
the steps and may be too generous for the first few steps). Doing this gives 


[2 + (4)(1.5)7Je-D a = 0.1920 (2) 


as an upper bound for the local truncation error in each step. = 


Note in Example | that if / is halved to 0.05, then the error bound is 0.0480, about one-fourth 
as much as shown in (2). This is expected because the local truncation error for Euler’s method 
is O(N’). 

In the above analysis we assumed that the value of y,, was exact in the calculation of y,, , ,, but 
it is not because it contains local truncation errors from previous steps. The total error in y, ; ; is 
an accumulation of the errors in each of the previous steps. This total error is called the global 
truncation error. A complete analysis of the global truncation error is beyond the scope of this 
text, but it can be shown that the global truncation error for Euler’s method is O(/). 

We expect that, for Euler’s method, if the step size is halved the error will be approximately 
halved as well. This is borne out in Tables 6.1.1 and 6.1.2, where the absolute error at x = 1.50 
with h = 0.1 is 0.5625 and with h = 0.05 is 0.3171, approximately half as large. 

In general it can be shown that if a method for the numerical solution of a differential equation 
has local truncation error O(h**'), then the global truncation error is O(h*). 

For the remainder of this section and in the subsequent sections we study methods that give 
significantly greater accuracy than Euler’s method. 


Hi Improved Euler’s Method The numerical method defined by the formula 


Xn» n 1 Xn ? 
Diag eH ae join Jn) a toy +) (3) 


where Vat = Yn P hf Ya)s (4) 
is commonly known as the improved Euler’s method. In order to compute y,,, for n = 0, 1, 
2,..., from (3) we must, at each step, first use Euler’s method (4) to obtain an initial estimate 
ys ,1- For example, with n = 0, (4) would give y'; = yo + Af(xo, yo), and then knowing this value 
we use (3) to get y; = yo + h(f( Xo. Yo) + f(x, y' ))/2, where x, = Xp + h. These equations can 
be readily visualized. In FIGURE 6.1.1 observe that mp = f(x, yo) and m, = f(x, y}) are slopes 
of the solid straight lines shown passing through the points (xp, yo) and (x;, y;), respectively. 
By taking an average of these slopes, that is, mye = (f (Xo. Yo) + f(x1, y))/2, we obtain the 
slope of the parallel dashed skew lines. With the first step, rather than advancing along the line 
through (xo, yo) with slope f(x, Yo) to the point with y-coordinate y7 obtained by Euler’s method, 
we advance instead along the red dashed line through (9, yo) with slope m,,. until we reach x,. 
It seems plausible from inspection of the figure that y, is an improvement over y’. 

In general, the improved Euler’s method is an example of a predictor—corrector method. 
The value of y%,,, given by (4) predicts a value of y(x,), whereas the value of y, , ; defined by 
formula (3) corrects this estimate. 


| EXAMPLE2 | Improved Euler's Method 


Use the improved Euler’s method to obtain the approximate value of y(1.5) for the solution 
of the initial-value problem y’ = 2xy, y(1) = 1. Compare the results for A = 0.1 and h = 0.05. 
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SOLUTION § With x) = 1, yo = 1, f(%,, y,) = 2x, y,,1 = 0, and h = 0.1 we first compute (4): 
yi = yo + (0.1)(2xoy¥9) = 1 + (0.1)2(1)) = 1.2. 
We use this last value in (3) along withx, =1+h=1+0.1=1.1: 


2 + 2x,y* 2(1)(1) + 2(1.1)0.2 
v1 = yo + Ol) PIE = 1 + O) (OO = M02) _ 1.939, 


The comparative values of the calculations for h = 0.1 and h = 0.05 are given in Tables 6.1.3 
and 6.1.4, respectively. 


TABLE 6.1.3 Improved Euler’s Method with h = 0.1 TABLE 6.1.4 Improved Euler’s Method with h = 0.05 
Actual Abs. % Rel. Actual Abs. % Rel. 
Xe i, Value Error Error Xe ve Value Error Error 
1.00 1.0000 1.0000 0.0000 0.00 1.00 1.0000 1.0000 0.0000 0.00 
1.10 1.2320 1.2337 0.0017 0.14 1.05 1.1077 1.1079 0.0002 0.02 
1.20 1.5479 1.5527 0.0048 0.31 1.10 1.2332 1.2337 0.0004 0.04 
1.30 1.9832 1.9937 0.0106 0.53 1.15 1.3798 1.3806 0.0008 0.06 
1.40 2.5908 2.6117 0.0209 0.80 1.20 1.5514 1.5527 0.0013 0.08 
1.50 3.4509 3.4904 0.0394 1.13 1.25 1.7531 17551 0.0020 0.11 
1.30 1.9909 1.9937 0.0029 0.14 
1:35 2.2721 2.2762 0.0041 0.18 
1.40 2.6060 2.6117 0.0057 0.22 
1.45 3.0038 3.0117 0.0079 0.26 
1.50 3.4795 3.4904 0.0108 0.31 


Note that we can’t compute > 


feed A brief word of caution is in order here. We cannot compute all the values of y* first and then 
all the y,, first. 


substitute these values into formula (3). In other words, we cannot use the data in Table 6.1.1 to 
help construct the values in Table 6.1.3. Why not? 


[| Truncation Errors for the Improved Euler's Method The local truncation error 
for the improved Euler’s method is O(h°). The derivation of this result is similar to the derivation 
of the local truncation error for Euler’s method. Since the local truncation error for the improved 
Euler’s method is O(h°), the global truncation error is O(h’). This can be seen in Example 2; 
when the step size is halved from h = 0.1 to h = 0.05, the absolute error at x = 1.50 is reduced 
from 0.0394 to 0.0108, a reduction of approximately (5)° = 7. 


| 6.1 Exercises Answers to selected odd-numbered problems begin on page ANS-13. 


Given the initial-value problems in Problems 1-10, use the 11. Consider the initial-value problem y’ = (x + y — 1)”, y(0) = 2. 
improved Euler’s method to obtain a four-decimal approxima- Use the improved Euler’s method with h = 0.1 and h = 0.05 
tion to the indicated value. First use h = 0.1 and then use to obtain approximate values of the solution at x = 0.5. At 
h = 0.05. each step compare the approximate value with the exact value 
1. y'=2x—3y+1, y(1) =5; y(15) of the analytic solution. 
2. y'=4x—2y, (0) = 2; (0.5) 12. Although it may not be obvious from the differential equa- 

—_ 2 _ tion, its solution could “behave badly” near a point x at 
3. y =1+y*, yO) =0; (0.5) : . : : 

, * ; which we wish to approximate y(x). Numerical procedures 
y= a ¥, yO)=1; 0.5) may give widely differing results near this point. Let y(x) 
5. y'=e%, yO) = 0; y(0.5) be the solution of the initial-value problem y’ = x? + y’, 
6 y’=x+y’, yw0)=0; y(0.5) y) = 1. 

7. y' =(—y), 0) =0.5; y(0.5) (a) Use a numerical solver to obtain the graph of the solution 
8 y' =xy+ Vy, y(0)=1; y(0.5) on the interval [1, 1.4]. 

; » Vy (b) Using the step size h = 0.1, compare the results obtained 

oe a gee G1) = 1; 1.5) from Euler’s method with the results from the improved 
10. y’=y—y’, y(0)=0.5; y(0.5) Euler’s method in the approximation of y(1.4). 
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. Consider the initial-value problem y’ = 2y, y(0) = 1. The 


analytic solution is y = e”. 


(a) Approximate y(0.1) using one step and Euler’s method. 

(b) Find a bound for the local truncation error in y;. 

(c) Compare the actual error in y, with your error bound. 

(d) Approximate y(0.1) using two steps and Euler’s method. 

(e) Verify that the global truncation error for Euler’s method 
is O(h) by comparing the errors in parts (a) and (d). 


. Repeat Problem 13 using the improved Euler’s method. Its 


global truncation error is Oth’). 


. Repeat Problem 13 using the initial-value problem y’ = x — 2y, 


y(O) = 1. The analytic solution is 


al, 14 55% 
ysax-qgtqe™. 


. Repeat Problem 15 using the improved Euler’s method. Its 


global truncation error is O(h’). 


. Consider the initial-value problem y’ = 2x — 3y + 1, y(1) =5. 


The analytic solution is 
yx) = 9 + Gxt pee”. 


(a) Find a formula involving c and h for the local truncation 
error in the nth step if Euler’s method is used. 


20. 


(b) Find a bound for the local truncation error in each step if 
h = 0.1 is used to approximate y(1.5). 

(c) Approximate y(1.5) using h = 0.1 and h = 0.05 with 
Euler’s method. See Problem | in Exercises 2.6. 

(d) Calculate the errors in part (c) and verify that the global 
truncation error of Euler’s method is O(h). 


. Repeat Problem 17 using the improved Euler’s method, which 


has a global truncation error O(h?). See Problem 1. You may 
need to keep more than four decimal places to see the effect 
of reducing the order of error. 


. Repeat Problem 17 for the initial-value problem y’ = e”, 


y(0) = 0. The analytic solution is y(x) = In(x + 1). Approximate 
y(0.5). See Problem 5 in Exercises 2.6. 

Repeat Problem 19 using the improved Euler’s method, which 
has a global truncation error O(h?). See Problem 5. You may 
need to keep more than four decimal places to see the effect 
of reducing the order of error. 


Discussion Problem 


21. 


Answer the question: “Why not?” that follows the three 
sentences after Example 2 on page 301. 


6.2 Runge-Kutta Methods 


INTRODUCTION Probably one of the more popular, as well as most accurate, numerical 
procedures used in obtaining approximate solutions to a first-order initial-value problem 
y' = f(x, y), YX) = Yo, is the fourth-order Runge-Kutta method. As the name suggests, there 
are Runge-Kutta methods of different orders. 


Hi Runge-Kutta Methods Fundamentally, all Runge-Kutta methods are generalizations 
of the basic Euler formula (1) of Section 6.1 in that the slope function fis replaced by a weighted 
average of slopes over the interval defined by x, <x = x, 4 ,. That is, 


weighted average 


Yntt = Yn + AWK + Wok FoF Waikin)- (1) 


nem 


Here the weights w,, i = 1, 2, ..., m are constants that generally satisfy w, + w. + --: +. w,, = 1 
and eachk;,i = 1,2,..., mis the function fevaluated at a selected point (x, y) for which x, =x =x, 41. 
We shall see that the k; are defined recursively. The number m is called the order of the method. 
Observe that by taking m = 1, w, = 1, and k, = f(x,, y,) we get the familiar Euler formula 
Yn+1 = Yn + Af(%,, y,)- Hence Euler’s method is said to be a first-order Runge-Kutta method. 
The average in (1) is not formed willy-nilly, but parameters are chosen so that (1) agrees with 
a Taylor polynomial of degree m. As we have seen in the last section, if a function y(x) possesses 
k + 1 derivatives that are continuous on an open interval containing a and x, then we can write 


y(x) = y(a) + y'(a) 


x- 


a " (x — ay 
7, 


(x = ay" 


(k+1) 
tO eae pt 


where c is some number between a and x. If we replace a by x,, and x by x, ; = x, + A, then the 


foregoing formula becomes 


h? 
V(X, 41) = YOn or h) = y(X,) oe hy' (,) 7 31) On) se a7 ale 
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k+1 


éi pr? O 
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where c is now some number between x, and x,,, ,;. When y(x) is a solution of y’ = f(x, y), in the 
case k = 1 and the remainder 5h’y"(c) is small, we see that a Taylor polynomial y(x, +. ;) = y(Q%,) + Ay’ (%») 
of degree | agrees with the approximation formula of Euler’s method 


Ynt+1 = Yn + hy, = Yn + hf (Xns Yn) 
I| A Second-Order Runge-Kutta Method To further illustrate (1), we consider now 


a second-order Runge-Kutta method. This consists of finding constants, or parameters, w,, 
W>, a, and B so that the formula 


Yat) =a + AWK, + Wok), (2) 
where ky = T (Xa Yn)> 
ky = f(x, + ah, y, + Bhk,) 


agrees with a Taylor polynomial of degree 2. For our purposes it suffices to say that this can be 
done whenever the constants satisfy 


and w,B ==. (3) 


This is an algebraic system of three equations in four unknowns and has infinitely many solutions: 


1 1 
w,=l-w, a= , and B= —, (4) 
2w> 2w, 


where w, # 0. For example, the choice w, = 4 yields w; = 3, a = 1, B = 1 and so (2) becomes 
h 
Ynt+1 = Yn + 3 ki + ky), 


where k, =f(,y,) and k, = f(x, + h,y, + hk). 


Since x, +h =x,,, and y, + hk, = y, + hf(x,, y,) the foregoing result is recognized to be the 
improved Euler’s method that is summarized in (3) and (4) of Section 6.1. 

In view of the fact that w, # 0 can be chosen arbitrarily in (4), there are many possible second- 
order Runge—Kutta methods. See Problem 2 in Exercises 6.2. 

We shall skip any discussion of third-order methods in order to come to the principal point of 
discussion in this section. 


]| A Fourth-Order Runge-Kutta Method A fourth-order Runge-Kutta procedure 
consists of finding parameters so that the formula 


Yatt = Yn + AK, + Wok, + w3k3 + wk), (5) 
where ky a f( Xn» Yn) 
ky = f(%, + ayh, y, + Byhk,) 
ks = f(x, + anh, y, + Bahk, + Bshkz) 
ky = fn + ah, y, + Byhk, + Bshk, + Bohks) 
agrees with a Taylor polynomial of degree 4. This results in a system of 11 equations in 13 un- 
knowns. The most commonly used set of values for the parameters yields the following result: 
h 
Yn+1— Yn of ‘ (ky ae 2k» + 2k; a ky), 
k, = has Yn) 
ky = FU F oo Yn Tt shk;) (6) 
k; = JX, - sh, Yn + shky) 
ky = f(x, + hy, + hk). 
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TABLE 6.2.1 RK4 Method with 
h=0.1 


While other fourth-order formulas are easily derived, the algorithm summarized in (6) is so 
widely used and recognized as a valuable computational tool it is often referred to as the fourth- 
order Runge-Kutta method or the classical Runge-Kutta method. It is (6) that we have in mind, 


hereafter, when we use the abbreviation “the RK4 method.” 


You are advised to look carefully at the formulas in (6); note that k, depends on k,, k, depends 
on k,, and k, depends on k3. Also, k, and k3 involve approximations to the slope at the midpoint 


x, + sh of the interval [x,, X41]. 


| EXAMPLE1 | RK4 Method 


Use the RK4 method with h = 0.1 to obtain an approximation to y(1.5) for the solution of 


y’ = 2xy, v1) = 1. 


SOLUTION For the sake of illustration, let us compute the case when n = 0. From (6) we find 


and therefore 


Mie 


k, = f (Xo. Yo) = 2XaVo = 2 


ky = f (Xo + 30.1), yo + 3(0.1)2) 
= 2(x% + 5(0.1))(yo + 3(0.2)) = 2.31 


ks = f(x + 50.1), yo + 3(0.1)2.31) 


= 2(xy + $(0.1))(y9 + 3(0.231)) = 2.34255 


ky = f(x + (0.1), yo + (0.1)2.34255) 


0.1 
yo +g (ki + ky + ky + ky) 


= 2x) + 0.1)(yp + 0.234255) = 2.715361 


0.1 
1+ = 2 + 22.31) + 2(2.34255) + 2.715361) = 1.23367435. 


The remaining calculations are summarized in Table 6.2.1, whose entries are rounded to four 


decimal places. 


Inspection of Table 6.2.1 shows why the fourth-order Runge-Kutta method is so popular. 
If four-decimal-place accuracy is all that we desire, there is no need to use a smaller step 
size. Table 6.2.2 compares the results of applying Euler’s, the improved Euler’s, and the 
fourth-order Runge-Kutta methods to the initial-value problem y’ = 2xy, y(1) = 1. See 


Tables 6.1.1-6.1.4. 


TABLE 6.2.2 


2xy, y(1) = 1 


Comparison of Numerical Methods with h = 0.1 


Comparison of Numerical Methods with h = 0.05 


Euler 


1.0000 
1.2000 
1.4640 
1.8154 
2.2874 
2.9278 


Improved 


Euler 


1.0000 
1.2320 
1.5479 
1.9832 
2.5908 
3.4509 


RK4 


1.0000 
1.2337 
1.5527 
1.9937 
2.6116 
3.4902 


Actual 
Value 


1.0000 
1.2337 
1.5527 
1.9937 
2.6117 
3.4904 


Xn 


1.00 
1.05 
1.10 
1 bs} 
1.20 
1.25 
1.30 
1.35 
1.40 
1.45 
1.50 


Euler 


1.0000 
1.1000 
1.2155 
1.3492 
1.5044 
1.6849 
1.8955 
2.1419 
2.4311 
2.7714 
3.1733 


Improved 
Euler 


1.0000 
1.1077 
1.2332 
1.3798 
1.5514 
1.7531 
1.9909 
2.2721 
2.6060 
3.0038 
3.4795 


RK4 


1.0000 
1.1079 
1.2337 
1.3806 
1.5527 
1.7551 
1.9937 
2.2762 
2.6117 
3.0117 
3.4903 


Actual 
Value 


1.0000 
1.1079 
1.2337 
1.3806 
1.5527 
T7551 
1.9937 
2.2762 
2.6117 
3.0117 
3.4904 


Actual Abs. % Rel. 
ees Value Error Error 
1.00 1.0000 1.0000 0.0000 0.00 
1.10 1.2337 1.2337 0.0000 0.00 
1.20 1.5527 1.5527 0.0000 0.00 
1.30 1.9937 1.9937 0.0000 0.00 
1.40 2.6116 2.6117 0.0001 0.00 
1.50 3.4902 3.4904 0.0001 0.00 

Xn 
1.00 
1.10 
1.20 
1.30 
1.40 
1.50 
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I| Truncation Errors for the RK4 Method In Section 6.1 we saw that global trunca- 
tion errors for Euler’s method and for the improved Euler’s method are, respectively, O(h) and 
Oth’). Because the first equation in (6) agrees with a Taylor polynomial of degree 4, the local 
truncation error for this method is y(c)h°/5! or O(h°), and the global truncation error is thus 
O(h*). It is now obvious why Euler’s method, the improved Euler’s method, and (6) are first-, 
second-, and fourth-order Runge-Kutta methods, respectively. 


| EXAMPLE2 | Bound for Local Truncation Errors 


Find a bound for the local truncation errors for the RK4 method applied to y’ = 2xy, y(1) = 1. 


SOLUTION By computing the fifth derivative of the known solution y(x) = e* —! we get 


(5) a 3 5) c-1 h° 
yc) 5! = (120c + 160c° + 32c° Je 5° 


(7) 
Thus with c = 1.5, (7) yields a bound of 0.00028 on the local truncation error for each of 
the five steps when h = 0.1. Note that in Table 6.2.1 the error in y, is much less than this 
bound. 

Table 6.2.3 gives the approximations to the solution of the initial-value problem at x = 1.5 
that are obtained from the RK4 method. By computing the value of the analytic solution at 
h Approx. Error x = 1.5 we can find the error in these approximations. Because the method is so accurate, 
01 349021064 1.32321089 x 1074 many decimal places must be used in the numerical solution to see the effect of halving the 
0.05 3.49033382 ~—«9.13776090 x 107° step size. Note that when A is halved, from h = 0.1 to h = 0.05, the error is divided by a factor 
of about 2* = 16, as expected. = 


TABLE 6.2.3 RK4 Method 


I| Adaptive Methods We have seen that the accuracy of a numerical method for approxi- 
mating solutions of differential equations can be improved by decreasing the step size h. Of course, 
this enhanced accuracy is usually obtained at a cost—namely, increased computation time and 
greater possibility of round-off error. In general, over the interval of approximation there may 
be subintervals where a relatively large step size suffices and other subintervals where a smaller 
step size is necessary in order to keep the truncation error within a desired limit. Numerical 
methods that use a variable step size are called adaptive methods. One of the more popular of 
the adaptive routines is the Runge—Kutta—Fehlberg method. Because Fehlberg employed two 
Runge-Kutta methods of differing orders, a fourth- and a fifth-order method, this algorithm is 
frequently denoted as the RKF45 method.* 


| 6.2 Exercises Answers to selected odd-numbered problems begin on page ANS-13. 


1. Use the RK4 method with h = 0.1 to approximate y(0.5), In Problems 3-12, use the RK4 method with h = 0.1 to obtain a 
where y(x) is the solution of the initial-value problem four-decimal approximation to the indicated value. 


y’ = (x + y — 1)’, y(O) = 2. Compare this approximate . y =2x-3y+1, yd) =5; y(1.5) 
gg =a= ay y(0) = 2; y(0.5) 


value with the actual value obtained in Problem 11 in ? 
Exercises 6.1. ’ 
2. Assume that w, = j in (4). Use the resulting second-order 5 y’=1+y", yO)=0; yO5) 
Runge-Kutta method to approximate (0.5), where y(x) is the 6. y' =x +y, yO) =1; ¥O.5) 
7 
8 
9. 


y 
solution of the initial-value problem in Problem |. Compare . y =e, yO) =0; y(0.5) 

this approximate value with the approximate value obtained . yl =xt+y*, yO) =0; (0.5) 

in Problem 11 in Exercises 6.1. y'=(«-yy, yO) = 0.5; (0.5) 


*The Runge-Kutta method of order four used in RKF45 is not the same as that given in (6). 
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yay 


y' =xy+ Vy, yO) = 1; (0.5) 


’ 2 y 


y1) = 1; yd.5) 
y=y-y, y0)=0.5; (0.5) 


. If air resistance is proportional to the square of the instanta- 


neous velocity, then the velocity v of a mass m dropped from 
a given height / is determined from 


dv 
= —k’, k>0. 
ma mg Vv 


Let v(0) = 0, k = 0.125, m = 5 slugs, and g = 32 ft/s”. 

(a) Use the RK4 method with h = 1 to approximate the 
velocity v(5). 

(b) Use a numerical solver to graph the solution of the IVP 
on the interval [0, 6]. 

(c) Use separation of variables to solve the IVP and then find 
the actual value v(5). 


. A mathematical model for the area A (in cm’) that a colony 


of bacteria (B. dendroides) occupies is given by 


dA 
a A(2.128 — 0.0432A). 


Suppose that the initial area is 0.24 cm’. 
(a) Use the RK4 method with h = 0.5 to complete the 
following table. 


t (days) 1 2 3 4 5 
A (observed) 2.78 13.53 36.30 47.50 49.40 
A (approximated) 


(b 


~— 


Use a numerical solver to graph the solution of the initial- 
value problem. Estimate the values A(1), A(2), A(3), A(4), 
and A(5) from the graph. 

(c) Use separation of variables to solve the initial-value prob- 
lem and compute the values A(1), A(2), A(3), A(4), and 
A(5). 


. Consider the initial-value problem y’ = x* + y*, y(1) = 1. 


See Problem 12 in Exercises 6.1. 

(a) Compare the results obtained from using the RK4 method 
over the interval [1, 1.4] with step sizes h = 0.1 and 
h = 0.05. 

(b) Use a numerical solver to graph the solution of the initial- 
value problem on the interval [1, 1.4]. 


. Consider the initial-value problem y’ = 2y, y(0) = 1. The 


analytic solution is y(x) = e”*. 

(a) Approximate (0.1) using one step and the fourth-order 
RK4 method. 

(b) Find a bound for the local truncation error in y,. 

(c) Compare the actual error in y, with your error bound. 

(d) Approximate y(0.1) using two steps and the RK4 
method. 

(e) Verify that the global truncation error for the RK4 method 
is O(h') by comparing the errors in parts (a) and (d). 
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17. 


. Consider the initial-value problem y’ = 2x 


. Repeat Problem 18 for the initial-value problem y’ = e°, 


Repeat Problem 16 using the initial-value problem 
y' = —2y + x, y(O) = 1. The analytic solution is 


yx) = ax —4tze™ 


3y+ 1,yd)=5. 
The analytic solution is 


3 38 —3(x— 
yx) = 9 + 3x + Gee”. 


(a) Find a formula involving c and h for the local truncation 
error in the nth step if the RK4 method is used. 

(b) Find a bound for the local truncation error in each step if 
h = 0.1 is used to approximate y(1.5). 

(c) Approximate y(1.5) using the RK4 method with h = 0.1 
and h = 0.05. See Problem 3. You will need to carry more 
than six decimal places to see the effect of reducing the 
step size. 

y(O) = 0. The analytic solution is y(x) = In(@x + 1). Approximate 

y(0.5). See Problem 7. 


Discussion Problem 


20. 


A count of the number of evaluations of the function fused 
in solving the initial-value problem y’ = f(x, y), y(xo) = yo is 
used as a measure of the computational complexity of a nu- 
merical method. Determine the number of evaluations of f 
required for each step of Euler’s, the improved Euler’s, and 
the RK4 methods. By considering some specific examples, 
compare the accuracy of these methods when used with com- 
parable computational complexities. 


Computer Lab Assignment 


21. 


The RK4 method for solving an initial-value problem over an 
interval [a, b] results in a finite set of points that are supposed 
to approximate points on the graph of the exact solution. In 
order to expand this set of discrete points to an approximate 
solution defined at all points on the interval [a, b], we can use 
an interpolating function. This is a function, supported by 
most computer algebra systems, that agrees with the given 
data exactly and assumes a smooth transition between data 
points. These interpolating functions may be polynomials or 
sets of polynomials joined together smoothly. In Mathematica 
the command y = Interpolation[data] can be used to obtain 
an interpolating function through the points data = 

{ {Xo, Yo}. {X11 }5---> {Xn Yn} }. The interpolating function y[x] 

can now be treated like any other function built into the com- 

puter algebra system. 

(a) Find the analytic solution of the initial-value problem 
y’ = —y + 10 sin 3x; y(0) = 0 on the interval [0, 2]. Graph 
this solution and find its positive roots. 

(b) Use the RK4 method with h = 0.1 to approximate a 
solution of the initial-value problem in part (a). Obtain 
an interpolating function and graph it. Find the positive 
roots of the interpolating function on the interval [0, 2]. 
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/6.3| Multistep Methods 


INTRODUCTION  Euler’s, the improved Euler’s, and the Runge-Kutta methods are examples 
of single-step or starting methods. In these methods each successive value y, ; ; is computed 
based only on information about the immediately preceding value y,. On the other hand, mul- 
tistep or continuing methods use the values from several computed steps to obtain the value 
of y,,+,. There are a large number of multistep method formulas for approximating solutions of 
DEs, but since it is not our intention to survey the vast field of numerical procedures, we will 
consider only one such method here. 


[| Adams-Bashforth-Moulton Method The multistep method discussed in this sec- 
tion is called the fourth-order Adams—Bashforth—Moulton method, or a bit more awkwardly, 
the Adams—Bashforth/Adams—Moulton method. Like the improved Euler’s method it is a 
predictor—corrector method—that is, one formula is used to predict a value y* , ,, which in turn 
is used to obtain a corrected value y, , ,. The predictor in this method is the Adams—Bashforth 
formula 


8 h ’ ’ ’ ’ 

Yn+1 — Yn a 94 O99 = Sh ee a OTe a OV = a)s (1) 
Yn = F(X Yn) 

Veet =F (Nye Net) 


Yn-2 a hcceer Yn-2) 


Vas (a, Yn—3) 


for n = 3. The value of y*,, is then substituted into the Adams—Moulton corrector 
h f 4 r , 
Ya+1 = Yn + 5p OVns+1 ao LOS 98 pak a al (2) 
Yaoi =f (ee l> paren | 


Notice that formula (1) requires that we know the values of yo, y;, y2, and y3 in order to 
obtain y,. The value of yo is, of course, the given initial condition. Since the local truncation 
error of the Adams—Bashforth—Moulton method is O(h°), the values of y,, y>, and y3 are gener- 
ally computed by a method with the same error property, such as the fourth-order Runge-Kutta 
formula. 


| EXAMPLE1 | Adams-—Bashforth—Moulton Method 


Use the Adams—Bashforth—Moulton method with h = 0.2 to obtain an approximation to y(0.8) 
for the solution of 


y=axty-1, yO)=1. 


SOLUTION Witha step size of h = 0.2, y(0.8) will be approximated by y,. To get started we 
use the RK4 method with xy = 0, yo = 1, and h = 0.2 to obtain 


y, = 1.02140000, yy, = 1.09181796, = y3 = 1.22210646. 


Now with the identifications x) = 0, x, = 0.2, x, = 0.4, x3 = 0.6, and f(x, y) =x+y-1, 
we find 


io -—Jense — 0) FC) 1-0 

yt = f(x,y) = (0.2) + (1.02140000) — 1 = 0.22140000 
ys =f (2X, yo) = (0.4) + (109181796) — 1 = 0.49181796 
ys = f(x3, ys) = (0.6) + (1.22210646) — 1 = 0.82210646. 
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With the foregoing values, the predictor (1) then gives 


0.2 
ye=y,+ ag (O5Y5 — 5992 + 37y1 — 9yb) = 1.42535975. 


To use the corrector (2) we first need 
yy =f (x4, yg) = 0.8 + 1.42535975 — 1 = 1.22535975. 


Finally, (2) yields 


0.2 
Ya = y3 + oi (9y, + 19y, — Sys + y}) = 1.42552788. 


You should verify that the exact value of y(0.8) in Example | is y(0.8) = 1.42554093. 


Hi Stability of Numerical Methods An important consideration in using numerical 
methods to approximate the solution of an initial-value problem is the stability of the method. 
Simply stated, a numerical method is stable if small changes in the initial condition result in 
only small changes in the computed solution. A numerical method is said to be unstable if it 
is not stable. The reason that stability considerations are important is that in each step after the 
first step of a numerical technique we are essentially starting over again with a new initial-value 
problem, where the initial condition is the approximate solution value computed in the preced- 
ing step. Because of the presence of round-off error, this value will almost certainly vary at least 
slightly from the true value of the solution. Besides round-off error, another common source of 
error occurs in the initial condition itself; in physical applications the data are often obtained by 
imprecise measurements. 

One possible method for detecting instability in the numerical solution of a specific initial- 
value problem is to compare the approximate solutions obtained when decreasing step sizes 
are used. If the numerical method is unstable, the error may actually increase with smaller step 
sizes. Another way of checking stability is to observe what happens to solutions when the initial 
condition is slightly perturbed (for example, change y(0) = | to y(0) = 0.999). 

For a more detailed and precise discussion of stability, consult a numerical analysis text. In gen- 
eral, all of the methods we have discussed in this chapter have good stability characteristics. 


I| Advantages/Disadvantages of Multistep Methods Many considerations enter 
into the choice of a method to solve a differential equation numerically. Single-step meth- 
ods, particularly the Runge-Kutta method, are often chosen because of their accuracy and 
the fact that they are easy to program. However, a major drawback is that the right-hand 
side of the differential equation must be evaluated many times at each step. For instance, 
the RK4 method requires four function evaluations for each step. On the other hand, if the 
function evaluations in the previous step have been calculated and stored, a multistep method 
requires only one new function evaluation for each step. This can lead to great savings in 
time and expense. 

As an example, to solve y’ = f(x, y), y(%) = yo numerically using n steps by the RK4 method 
requires 4n function evaluations. The Adams—Bashforth multistep method requires 16 function 
evaluations for the Runge—Kutta fourth-order starter and n — 4 for the n Adams—Bashforth steps, 
giving a total of m + 12 function evaluations for this method. In general the Adams—Bashforth 
multistep method requires slightly more than a quarter of the number of function evaluations 
required for the RK4 method. If the evaluation of f(x, y) is complicated, the multistep method 
will be more efficient. 

Another issue involved with multistep methods is how many times the Adams—Moulton 
corrector formula should be repeated in each step. Each time the corrector is used, another 
function evaluation is done, and so the accuracy is increased at the expense of losing an 
advantage of the multistep method. In practice, the corrector is calculated once, and if the 
value of y,,,, 1s changed by a large amount, the entire problem is restarted using a smaller 
step size. This is often the basis of the variable step size methods, whose discussion is beyond 
the scope of this text. 
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| 6.3 Exercises Answers to selected odd-numbered problems begin on page ANS-13. 


1. Find the analytic solution of the initial-value problem in 3. y =2x—-3y+1, yO=1 
Example 1. Compare the actual values of y(0.2), y(0.4), (0.6), 4. y' =4x—2y, y(0)=2 


and y(0.8) with the approximations y,, yz, y3, and y4. 
2. Write acomputer program to implement the Adams—Bashforth— 


Moulton method. 


In Problems 5—8, use the Adams—Bashforth—Moulton method 
to approximate y(1.0), where y(x) is the solution of the given 
initial-value problem. First use ) = 0.2 and then use h = 0.1. 


In Problems 3 and 4, use the Adams—Bashforth—Moulton Use the RK4 method to compute y,, ys, and y3. 
method to approximate y(0.8), where y(x) is the solution of the 5 y=1+y, yO)=0 6 y’=y+cosx, y0)=1 
given initial-value problem. Use h = 0.2 and the RK4 method to ly =(-yyP, yO)=0 & y'=xy+ Vy, (0) =1 


compute y,, yo, and y3. 


6.4 Higher-Order Equations and Systems 


INTRODUCTION | So far we have focused on numerical techniques that can be used to ap- 
proximate the solution of a first-order initial-value problem y’ = f(x, y), y(x9) = yo. In order to 
approximate the solution of a second-order initial-value problem we must express a second-order 
DE as a system of two first-order DEs. To do this we begin by writing the second-order DE in 
normal form by solving for y” in terms of x, y, and y’. 


| Second-Order IVPs_ A second-order initial-value problem 


y” = f(x y, Ds y(Xo) = Yoo y' (Xo) = Uo, (1) 


can be expressed as an initial-value problem for a system of first-order differential equations. If 
we let y’ = u, the differential equation in (1) becomes the system 


ous (2) 
u' = f(x, y, U). 


Since y'(xo) = u(%p), the corresponding initial conditions for (2) are then y(xp) = yo, U(X) = Uo- 
The system (2) can now be solved numerically by simply applying a particular numerical method 
to each first-order differential equation in the system. For example, Euler’s method applied to 
the system (2) would be 


Yn+1 = Yn au hu, 
(3) 


Un+ 1, = Uy =F Re ae Yno Un)» 
whereas the fourth-order Runge-Kutta method, or RK4 method, would be 
h 
Mat ye Pe + 2mz + 2m3 + m4) 


(4) 
/ 
Une = ty + AG + ky + Qk + ky) 


where 
mM, = Uy ky = es Yn Uy) 
My, =~ Uy, t shk, ky =f (Xp a sh, Yn shim, Un . shky) 
M3 = Uy 7 snk ky = fai = sh, Yn + shy, Uy, a7 snk) 
my = u, + hk; ky = f(x, + hy y, + hig, u, + hks). 
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y Euler’s method 


Runge-Kutta method 
approximate 
| (0.2) 

| 


(a) Euler’s method (blue) 
Runge-Kutta method (red) 


x 
5 10 15 20 


(b) Runge-Kutta 


FIGURE 6.4.1 Numerical solution curves 


In general, we can express every nth-order differential equation 


y = f(x, yey’ oes VW”) 


as a system of n first-order equations using the substitutions y = u,, y’ = uy, y” = uz, ... 
(a—1) 
y = Uy. 


? 


| EXAMPLE1 | Euler’s Method 


Use Euler’s method to obtain the approximate value of y(0.2), where y(x) is the solution of 
the initial-value problem 


y'txy+y=0, yO=1, yO) =2. (5) 


SOLUTION In terms of the substitution y’ = u, the equation is equivalent to the system 


Thus from (3) we obtain 


Yn+1— Yn 1 hu, 
Un+1 ~ Un ot h[-x,U, a Ynl- 


Using the step size h = 0.1 and yo = 1, up = 2, we find 


Yi =Yo + (O.1)uy = 1 + O.1)2 = 1.2 
uy = Uy + (0.1)[—xouo — Yol = 2 + (O.D[-(0)2) — 1] = 1.9 
Yo =y1 + (0.1)m, = 1.2 + (0.1)(1.9) = 1.39 


My = uy + (0.1)[—x yu, — y,] = 1.9 + C0.1)[—(0.1).9) — 1.2] = 1.761. 


In other words, y(0.2) ~ 1.39 and y’(0.2) ~ 1.761. = 


With the aid of the graphing feature of a numerical solver we have compared in FIGURE 6.4.1(a) 
the solution curve of (5) generated by Euler’s method (h = 0.1) on the interval [0, 3] with the 
solution curve generated by the RK4 method (h = 0.1). From Figure 6.4.1(b), it would appear 
that the solution y(x) of (4) has the property that y(x) > 0 as x > 00. 


I| Systems Reduced to First-Order Systems Using a procedure similar to that just 
discussed, we can often reduce a system of higher-order differential equations to a system of 
first-order equations by first solving for the highest-order derivative of each dependent variable 
and then making appropriate substitutions for the lower-order derivatives. 


| EXAMPLE2 | A System Rewritten as a First-Order System 
Write x" —x' + 5x + 2y"=e' 
—2x + y’ + 2y =3r 


as a system of first-order differential equations. 


SOLUTION Write the system as 


x" + 2y"=e—5x4+x' 
y" = 30? + 2x — 2y 
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and then eliminate y” by multiplying the second equation by 2 and subtracting. This gives 
x" =—-9x+ 4y+x' +e - 6f. 

Since the second equation of the system already expresses the highest-order derivative of y in 

terms of the remaining functions, we are now in a position to introduce new variables. If we 


let x’ = wand y' = v, the expressions for x” and y” become, respectively, 


uw =x" =—-9x4+ 4y+ut e'— 62’ 


yi =y" =x — 2y + 32. 


The original system can then be written in the form 


x =u 
yey 
ul =—-9x+ 4y+ut+e-6P 


v’ = 2x — 2y + 32”. 


It may not always be possible to carry out the reductions illustrated in Example 2. 


Hi Numerical Solution of a System The solution of a system of the form 


dx, 
‘dt. = ait, X1, X25 +++ Xn) 
dx, 
af = g(t, Xy, Xp, ---, Xy) 
dx,, 
dt = Bilt, X15 X25 +++ Xn) 


can be approximated by a version of the Euler, Runge-Kutta, or Adams—Bashforth—Moulton 
method adapted to the system. For example, the RK4 method applied to the system 
x! = f(t,x, y) 
y’ = g(t, x,y) (6) 
X(to) = Xo, (to) = Yo 


looks like this: 
h 
Xnt} =X, + 6 (m, + 2m, + 2m3 + my) 
(7) 
Ynt+1 = Yn + an *P 2k, a 2k; te ky), 
where 
m, =f ta Xn» Yn) ky = G(tys Xn» Yn) 


My = Ch, ol sh, Xn = shm,, Yn oi shk,) ky = B(ty - sh, Xn + shm,, Yn a shk,) 
(8) 
Ms =F th a sh, Xn aT shy, Yn + shk) ky = Btn + sh, Xn at shim), Yn + sky) 


mg = f(t, + h, x, + hms, y, + hk3) Kg = g(t, +h, X, + hms, y, + hk3). 
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FIGURE 6.4.2 Numerical solution curves 
for IVP in Example 3 
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| EXAMPLE3 | RK4 Method 


Consider the initial-value problem 
x’ = 2x + 4y 
y' =-x + 6y 
x(0) =-1, y(0) =6. 


Use the RK4 method to approximate x(0.6) and y(0.6). Compare the results for h = 0.2 and 
h=0.1. 


SOLUTION We illustrate the computations of x, and y, with the step size h = 0.2. With the 
identifications f(t, x, y) = 2x + 4y, g(t, x, y) = —x + 6y, fo = 0, x9 = —1, and yo = 6, we see 
from (8) that 


m, = f(t, Xo, Yo) = FCO, —1, 6) = 20-1) + 4(6) = 22 

ky = 2h, Xo, Yo) = 20, -1, 6) = —1(—1) + 6(6) = 37 

Mm = f(t) + 5h, Xo + Shy, yo + 5hk,) = f(0.1, 1.2, 9.7) = 41.2 

ky = g(t) + Sh, Xp + 5hm,, Vo + shk,) = 9(0.1, 1.2, 9.7) = 57 

m3 =f (ty + 5h, Xo + 5h, yo + shko) = f(0.1, 3.12, 11.7) = 53.04 

kx = g(ty + 5h, x9 + Shy, yo + Shk>) = g(0.1, 3.12, 11.7) = 67.08 
mg = f(to + hy X + hm, yo + hkz) = f(0.2, 9.608, 19.416) = 96.88 

Ky = gto + h, Xo + hm3, Yo + hk3) = g(0.2, 9.608, 19.416) = 106.888. 


Therefore from (7) we get 


0.2 
X; =X + ‘— om + 2m, + 2m; + my) 
0.2 
=-I+ — (2.2 + 2(41.2) + 2(53.04) + 96.88) = 9.2453 
0.2 
Y, =Yo + 6 + 2ky + 2k3 + ky) 


0.2 
=6+ ra (37 + 2(57) + 2(67.08) + 106.888) = 19.0683, 


where, as usual, the computed values of x, and y, are rounded to four decimal places. These 
numbers give us the approximations x, ~ x(0.2) and y, ~ y(0.2). The subsequent values, 
obtained with the aid of a computer, are summarized in Tables 6.4.1 and 6.4.2. 


TABLE 6.4.2 h=0.1 


hh Xn Yn 
0.00 — 1.0000 6.0000 0.00 — 1.0000 6.0000 
0.20 9.2453 19.0683 0.10 2.3840 10.8883 
0.40 46.0327 55.1203 0.20 9.3379 19.1332 
0.60 158.9430 150.8192 0.30 22.5541 32.8539 
0.40 46.5103 55.4420 
0.50 88.5729 93.3006 
0.60 160.7563 152.0025 = 


You should verify that the solution of the initial-value problem in Example 3 is given by 
x(t) = (26t — Le”, y(t) = (13t + 6)e". From these equations we see that the actual values 
x(0.6) = 160.9384 and y(0.6) = 152.1198 compare favorably with the entries in the last line of 
Table 6.4.2. The graph of the solution in a neighborhood of t = 0 is shown in FIGURE 6.4.2; the 
graph was obtained from a numerical solver using the RK4 method with h = 0.1. 

In conclusion, we state Euler’s method for the general system (6): 


Xn+1 =~ Xn “ hf(ty, Xn» Yn) 
Yn+1— Yn ao hgty, Xn» Yn)» 
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1. Use Euler’s method to approximate y(0.2), where y(x) is the 


solution of the initial-value problem 
yasy Tay =O) HO =—2, 90) = 1, 


Use h = 0.1. Find the exact solution of the problem, and 


Answers to selected odd-numbered problems begin on page ANS-13. 


where i,(0) = O and i;(0) = 0. Use the RK4 method to 
approximate /,(f) and i,(t) at t = 0.1, 0.2, 0.3, 0.4, and 0.5. 
Use h = 0.1. Use a numerical solver to graph the solution for 
0 =t=5. Use their graphs to predict the behavior of 7,(f) and 
i,(t) as t—> co. 


compare the actual value of y(0.2) with yy. 
2. Use Euler’s method to approximate y(1.2), where y(x) is the 
solution of the initial-value problem 


xy" — Ixy’ +2y=0, yd) =4, y'() =9, 


©) ; 


FIGURE 6.4.3 Network in Problem 6 


where x > 0. Use h = 0.1. Find the analytic solution of the 
problem, and compare the actual value of y(1.2) with yo. 


In Problems 3 and 4, repeat the indicated problem using the 
RK4 method. First use h = 0.2 and then use h = 0.1. 


3. Problem | 4. Problem 2 
5. Use the RK4 method to approximate (0.2), where y(x) is a 
solution of the initial-value problem 


y(0) = 1, y'(0) = 2. 


First use h = 0.2 and then h = 0.1. 
6. When E = 100 V, R = 10 Q, and L = 1h, the system of dif- 
ferential equations for the currents 7, (4) and ;(f) in the electrical 


In Problems 7—12, use the Runge—Kutta method to approximate 
x(0.2) and y(0.2). First use h = 0.2 and then use h = 0.1. Use a 
numerical solver and h = 0.1 to graph the solution in a neigh- 
borhood of t = 0. 


7.x’ =2x-y 8. 
y =x 
x(0) = 6, y(O) = 2 


y” — 2y’ + 2y = e'cost, 
x’ =x+2y 
y’ =4x + 3y 
x(0) = 1, y(0) = 1 


network given in FIGURE 6.4.3 is 9 x/=—ytt 10. x’ = 6x + y + 6F 
, a y= 4x + 3y—10r+4 
“1 — 990i, + 10i, + 100 x(0) = -3, y(0) = 5 ay = 0 In) =e 
dt WW. x’ +4x—-y' =Tt 12. x’ + y' =4t 
di ' Eos _— eres ' = 2 
= 109i, — 2015 x' + y' — 2y = 3t x'+y' + y= 6t + 10 
dt : x(0) = 1, y(0) = -2 x(0) = 3, y(0) =-1 


65 Second-Order Boundary-Value Problems 


INTRODUCTION We just saw in Section 6.4 how to approximate the solution of a second- 
order initial-value problem y" = f(x, y, y'), YX) = Yo. Y' (Xp) = Up. In this section we are going 
to examine two methods for approximating a solution of a second-order boundary-value problem 
y” = f(x, y, y’), y(a) = a, y(b) = B. Unlike the procedures used with second-order initial-value 
problems, the methods of second-order boundary-value problems do not require rewriting the 
second-order DE as a system of first-order DEs. 


| Finite Difference Approximations The Taylor series expansion, centered at a point 
a, of a function y(x) is 


x-a,, Coon (x 
TA, i 3! 


yx) = y(a) + y'(a) 


If we set h = x — a, then the preceding line is the same as 


- h ” he mw h° 
y(x) = ya) + y @i ty @,,ty (3,7 ree, 
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For the subsequent discussion it is convenient, then, to rewrite this last expression in two alter- 
native forms: 


h? he 
yr + h) = yx) + y'@OA + y"@) ee y"(x) on (1) 

h? he 
and y(x — h) = yx) — y'@A + y"(x) me y" (x) a tie, (2) 
If his small, we can ignore terms involving h’*, h°, ..., since these values are negligible. Indeed, 


if we ignore all terms involving h? and higher, then solving (1) and (2), in turn, for y’(x) yields 
the following approximations for the first derivative: 


1 
y'(x) = h Ly + h) — y(x)] (3) 
1 
y') = h Lyx) — y@ — Aj). (4) 
Subtracting (1) and (2) also gives 
V@) = = [yx + h) — yx — hy]. (5) 


On the other hand, if we ignore terms involving h° and higher, then by adding (1) and (2) we 
obtain an approximation for the second derivative y"(x): 


1 
y') = pe a re A (6) 


The right sides of (3), (4), (5), and (6) are called difference quotients. The expressions 
yx +h) — yO), yx) — ya —h), ya th) — yah) 
and y(x + h) — 2y(x) + yx — A) 


are called finite differences. Specifically, y(x + h) — y(x) is called a forward difference, 
y(x) — y(x — h) is a backward difference, and both y(x + h) — y(x« — h) and y(x + h) — 2y(x) + 
y(x — h) are called central differences. The results given in (5) and (6) are referred to as central 
difference approximations for the derivatives y’ and y”. 


|| Finite Difference Method Consider now a linear second-order boundary-value problem 


y+ Py’ + O@y =f, ya@=a, yb)=B. um 


Suppose ad = xy) <x, <x) << +++ << x,_) <x, = b represents a regular partition of the interval 
[a, b]; that is, x; = a + ih, where i = 0, 1, 2,..., and h = (b — a)/n. The points 


Xj=ath, x=at2h,..., x%_)=at+(n— Ih, 
are called interior mesh points of the interval [a, b]. If we let 
yi = yX), PP; = PO), Q,;= Q(x), and f, = f(x) 


and if y” and y’ in (7) are replaced by the central difference approximations (5) and (6), we get 


Vier — 2Yj, + Yin 1 Yi+1 — Vi-1 
+ P. + Oy. =f, 
h i 2h Oi; Si 
or, after simplifying, 
h 3 h % 
ae Yai FEZ + Op) y + ee 2a (8) 
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The last equation, known as a finite difference equation, is an approximation to the dif- 
ferential equation. It enables us to approximate the solution y(x) of (7) at the interior mesh 
points x), X2,..., X,_, of the interval [a, b]. By letting 7 take on the values 1, 2,..., — lin 
(8), we obtain n — | equations in the n — | unknowns y,, y, ..., y,_;- Bear in mind that we 
know yo and y,, since these are the prescribed boundary conditions yy = y(%)) = y(a) = a@ 
and y, = y(x,) = y(b) = B. 

In Example | we consider a boundary-value problem for which we can compare the approxi- 
mate values found with the exact values of an explicit solution. 


| EXAMPLE1 | Using the Finite Difference Method 


Use the difference equation (8) with n = 4 to approximate the solution of the boundary-value 
problem 


y=ay=0, AHO; x=. 


SOLUTION To use (8) we identify P(x) = 0, O(x) = —4, f(x) = 0, andh = (1 — 0)/4 = §. 
Hence the difference equation is 


Vier — 2259; + Peg = 0. (9) 


Now the interior points are x; = 0 + §,x, =0 + 3,x, = 0 + , and so fori = 1, 2, and 3, 
(9) yields the following system for the corresponding y,, ys, and y3: 


yn — 2.25y, + yo = 0 
y, — 2.25y, + y, = 0 
y4 — 2.25y3 + yp = 0. 


With the boundary conditions yy = 0 and y, = 5, the foregoing system becomes 


—2.25y, + Vo =0 
y, — 2.25y, + y,=0 
y2 — 2.25y3 = —5. 


Solving the system gives y,; = 0.7256, y, = 1.6327, and y3; = 2.9479. 

Now the general solution of the given differential equation is y = c, cosh 2x + cy sinh 2x. 
The condition y(O) = 0 implies c; = 0. The other boundary condition gives c,. In this way we 
see that an explicit solution of the boundary-value problem is y(x) = (5 sinh 2x)/sinh 2. 

Thus the exact values (rounded to four decimal places) of this solution at the interior points 
are as follows: y(0.25) = 0.7184, y(0.5) = 1.6201, and y(0.75) = 2.9354. = 


The accuracy of the approximations in Example | can be improved by using a smaller 
value of h. Of course, the trade-off here is that a smaller value of h necessitates solving a 


larger system of equations. It is left as an exercise to show that with h = ;, approximations 
to y(0.25), y(0.5), and y(0.75) are 0.7202, 1.6233, and 2.9386, respectively. See Problem 11 
in Exercises 6.5. 


| EXAMPLE2 | Using the Finite Difference Method 


Use the difference equation (8) with n = 10 to approximate the solution of 


y’ + 3y' + 2y = 4x7, wd) =1, y(2) =6. 


SOLUTION Inthis case we identify P(x) = 3, O(x) = 2, f(x) = 4x’, andh = (2 — 1/10 = 0.1, 
and so (8) becomes 


1.15y,,, — 1.98y, + 0.85y,_, = 0.04x?. (10) 
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Now the interior points are x, = 1.1, x. = 1.2, x3 = 1.3, x4 = 1.4, x5 = 1.5, x6 = 1.6, x7 = 1.7, 
xg = 1.8, and x) = 1.9. Fori = 1, 2,...,9 and yp = 1, yjo = 6, (10) gives a system of nine 
equations and nine unknowns: 


L.15y, — 1.98y, —0.8016 
1.15y3 — 1.98y, + 0.85y, = 0.0576 
1.15y, — 1.98y;, + 0.85y, = 0.0676 
1.15y5 — 1.98y, + 0.85y; = 0.0784 
1.15y¢ — 1.98y, + 0.85y, = 0.0900 
1.15y7 — 1.98y¢ + 0.85y; = 0.1024 
1.15yg — 1.98y, + 0.85y¢ = 0.1156 
1.15y5 — 1.98yg + 0.85y, = 0.1296 
~1.98y, + 0.85y, = —6.7556. 


We can solve this large system using Gaussian elimination or, with relative ease, by means of 
a computer algebra system. The result is found to be y, = 2.4047, y) = 3.4432, y; = 4.2010, 
y4 = 4.7469, ys = 5.1359, yo = 5.4124, yz = 5.6117, yg = 5.7620, and yo = 5.8855. = 


I Sh ooting Method Another way of approximating a solution of a second-order boundary- 
value problem y” = f(x, y, y’), y(a) = a, y(b) = B, is called the shooting method. The starting 
point in this method is the replacement of the boundary-value problem by an initial-value problem 


y"=f(x y,y’), y(a) = a, y'(a) =m. (11) 


The number m, in (11) is simply a guess for the unknown slope of the solution curve at the known 
point (a, y(a)). We then apply one of the step-by-step numerical techniques to the second-order 
equation in (11) to find an approximation 8, for the value of y(b). If 8; agrees with the given 
value y(b) = B to some preassigned tolerance, we stop; otherwise the calculations are repeated, 
starting with a different guess y'(a) = m, to obtain a second approximation B, for y(b). This 
method can be continued in a trial-and-error manner or the subsequent slopes m3, my, ..., can be 
adjusted in some systematic way; linear interpolation is particularly successful when the differ- 
ential equation in (11) is linear. The procedure is analogous to shooting (the “aim” is the choice 
of the initial slope) at a target until the bullseye y(b) is hit. See Problem 14 in Exercises 6.5. 

Of course, underlying the use of these numerical methods is the assumption, which we know 
is not always warranted, that a solution of the boundary-value problem exists. 


REMARKS 


The approximation method using finite differences can be extended to boundary-value prob- 


lems in which the first derivative is specified at a boundary—for example, a problem such as 
y" = f(x, y, y’), y'(a) = @, y(b) = B. See Problem 13 in Exercises 6.5. 


| 6.5 Exercises Answers to selected odd-numbered problems begin on page ANS-14. 


In Problems 1-10, use the finite difference method and the indi- 5. y” —4y' + 4y=(e4+ De”, y(0) =3, y(1) =0; n=6 
cated value of n to approximate the solution of the given boundary- 6. y+ 5y'’ =4Vx, yl) =1, y2)=-1; n=6 
value problem. 7. x’y" + 3xy'+ 3y=0, y(1)=5, y2)=0; n=8 
1. y’+9y=0, y(0)=4, y2)=1; n=4 8. x’y’— xy’ +y=Inx, y(1)=0, y2)=-2; n=8 
2. y’-—y=x", yO) =0, (1) =0; n=4 9 y+ (1 —xy’ txy=x, y0)=0, y1) = 2; n= 10 
3. y’+2y’+y=S5x, yO) =0, yl) =0; n=5 10. y’+xy’ +y=x, y(0)=1, y(1)=0; n= 10 
4. y"— 10y'+ 25y=1, y(0)=1, y1)=0; n=5 11. Rework Example | using n = 8. 
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12. The electrostatic potential u between two concentric spheres 
of radius r = | and r = 4 is determined from 


du | 2du _, (1) =50, u(4) = 100 
—— Se Uu = , Uu = a 
dr? r dr 


Use the method of this section with n = 6 to approximate the 
solution of this boundary-value problem. 
13. Consider the boundary-value problem 


yi t+xy=0, yYO=1, y= —1. 


(a) Find the difference equation corresponding to the differ- 
ential equation. Show that for i = 0, 1, 2,..., — 1, the 
difference equation yields n equations inn + | unknowns 
Y_15 Yoo Vis Yoo ++ +> Yn_y Here y_, and yp are unknowns since 
y_, represents an approximation to y at the exterior point 
x = —h and yp is not specified at x = 0. 
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6. Use the Adams—Bashforth—Moulton method to approximate 


In Problems 1—4, construct a table comparing the indicated val- 
ues of y(x) using Euler’s method, the improved Euler’s method, 
and the RK4 method. Compute to four rounded decimal places. 
Use h = 0.1 and then use h = 0.05. 
1. y’ =2Inxy, yl) =2; 
y(1.1), v1.2), v1.3), y.4), y.5) 
2. y’ =sinx’+cosy’, y(0)=0; 
y(0.1), y(0.2), y(0.3), y(0.4), y(0.5) 
3. y= Vxt+y, y(0.5) = 0.5; 
y(0.6), y(0.7), y(0.8), y(0.9), v1.0) 
4 y'=xy+y, y=]; 
y(1.1), y.2), y.3), v1.4), y.5) 

5. Use Euler’s method to approximate y(0.2), where y(x) is the 
solution of the initial-value problem y” — (2x + l)y = 1, 
y(0) = 3, y'(O) = 1. First use one step with h = 0.2, and then 
repeat the calculations using two steps with h = 0.1. 


(b) Use the central difference approximation (5) to show that 
y, — y_, = 2h. Use this equation to eliminate y_, from the 
system in part (a). 

(c) Use n = 5 and the system of equations found in parts 
(a) and (b) to approximate the solution of the original 
boundary-value problem. 


Computer Lab Assignment 


14. Consider the boundary-value problem y” = y’ — sin(xy), 


y(O) = 1, y(1) = 1.5. Use the shooting method to approximate 
the solution of this problem. (The actual approximation can 
be obtained using a numerical technique, say, the fourth-order 
Runge-Kutta method with h = 0.1; even better, if you have 
access toa CAS, such as Mathematica or Maple, the NDSolve 
function can be used.) 


y(0.4), where y(x) is the solution of the initial-value problem 
y’ = 4x — 2y, y(0) = 2. Use h = 0.1 and the RK4 method to 
compute y;, yo, and y3. 


. Use Euler’s method with h = 0.1 to approximate x(0.2) 


and y(0.2), where x(t), y(t) is the solution of the initial-value 
problem 


x =xt+y 


y=xa-—y 
x(0) = 1, y(O) = 2. 


. Use the finite difference method with n = 10 to approximate 


the solution of the boundary-value problem y” + 6.55(1 +x)y = 1, 
y(0) = 0, y(1) = 0. 
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9. Vector Calculus 


7. Vectors 
8. Matrices 
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CHAPTER 


Vectors 


You have undoubtedly 
encountered the notion of CHAPTER CONTENTS 
vectors in your study of calculus, 
as well as in physics and 


engineering. For most of you, 7.1 Vectors in 2-Space 


then, this chapter is a review of 7.2 Vectors in 3-Space 

familiar topics such as the dot 7.3 Dot Product 

and cross products. However, in 

Section 7.6, we shall consider an 7.4 Cross Product 

abstraction of the vector 7.5 Lines and Planes in 3-Space 
concept: 7.6 Vector Spaces 


7.7. Gram-Schmidt Orthogonalization Process 
Chapter 7 in Review 


Cb CDI = = 
- 
AB WABI = = 


FIGURE 7.1.2 Vectors are equal 


FIGURE 7.1.3 Parallel vectors 


The question of what is the direction of 0 
is usually answered by saying that the 
zero vector can be assigned any direction. 
More to the point, 0 is needed in order to 
have a vector algebra. 


B 


(b) 


FIGURE 7.1.4 Vector AD is the sum of 
AB and AC 
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7. | Vectors in 2-Space 


INTRODUCTION In science, mathematics, and engineering, we distinguish two important 
quantities: scalars and vectors. A scalar is simply a real number or a quantity that has magnitude. 
For example, length, temperature, and blood pressure are represented by numbers such as 80 m, 
20°C, and the systolic/diastolic ratio 120/80. A vector, on the other hand, is usually described as 
a quantity that has both magnitude and direction. 


[| Geometric Vectors Geometrically, a vector can be represented by a directed line 
segment—that is, by an arrow—and i is denoted either by a boldface symbol or by a symbol with 
an arrow over it; for example, v, W, or AB. Examples of vector quantities shown in FIGURE 7.1.1 
are weight w, velocity v, and the retarding force of friction Fy. 


(a) (b) (c) 
FIGURE 7.1.1 Examples of vector quantities 


| Notation and Terminology A vector whose initial point (or end) is A and whose 
terminal point (or tip) is B is written AB. The magnitude of a vector is written ||AB||. Two 
vectors that have the same magnitude and same direction are said to be equal. Thus, in 
FIGURE 7.1.2, we have AB = CD. Vectors are said to be free, which means that a vector can 
be moved from one position to another provided its magnitude and direction are not changed. 
The negative of a vector AB, written —AB, is a vector that has the same magnitude a: as AB 
but is opposite in direction. If k a) 0 is a scalar, the Scalar multiple of a vector, kAB, isa 
vector that is Ixl times a as long as AB. If k > 0, then kAB has | the same direction as the ve vector 
AB; if k < 0, then kAB has the direction opposite that of AB. When k = 0, we say OAB =0 
is the zero vector. Two vectors are parallel if and only if they are nonzero scalar multiples 
of each other. See FIGURE 7.1.3. 


Hi Addition and Subtraction Two vectors can be considered as having a common initial 
point, such as A in FIGURE 7.1.4(a). Thus, if nonparallel vectors AB and AC are the sides ofa 
parallelogram as in in Figure 7.1.4(b), we say the vector that is the main diagonal, or AD, is the 


sum of AB and AC . We write 
AD = AB + AC. 


The difference of two vectors AB and AC is defined by 


AB — AC = AB + (-AC). 


As seen in FIGURE 7.1.5(a), the difference AB = AC can be interpreted as the main diagonal of 
the parallelogram with sides AB and — AC. However, as shown in Figure 7.1.5(b), we can also 
interpret the same vector difference as the third side of a triangle with sides AB and AC. In this 


second interpretation, observe that the vector difference CB = = AB — AC points toward the 
terminal point of the vector from which we are subtracting the second vector. If AB = AC, then 


AB — AC =0. 


> a? 
AB CB = AB-AC 


C 


(b) 


FIGURE 7.1.5 Vector CB is the 
difference of AB and AC 


y PO, yp 


& 


FIGURE 7.1.6 Position vector 


Py(x +4, y +3) 


» 
— 
P,P 

Pi (x, y) 
x 

(a) 

y 
P(4, 3) 

+ a 

t—+—++++— x 
O 


(b) 


FIGURE 7.1.7 Graphs of vectors in 
Example | 


I|| Vectors in a Coordinate Plane To describe a vector analytically, let us suppose for the 
remainder of this section that the vectors we are considering lie in a two-dimensional coordinate 
plane or 2-space. We shall denote the set of all vectors in the plane by R*. The vector shown 
in FIGURE 7.1.6, with initial point the origin O and terminal point P(x, y,), is called the position 
vector of the point P and is written 


OP =x, yj). 
Hi Compon ents In general, a vector a in R’ is any ordered pair of real numbers, 
a = (a), dy). 


The numbers a, and a, are said to be the components of the vector a. 
As we shall see in the first example, the vector a is not necessarily a position vector. 


| EXAMPLE1 | Position Vector 


The displacement from the initial point P,(x, y) to the terminal point P,(x + 4, y + 3) in 
FIGURE 7.1.7(a) is 4 units to the right and 3 units up. As seen in Figure 7.1.7(b), the position 
vector of a = (4, 3) emanating from the origin is equivalent to the displacement vector P,P, 
from P,(x, y) to P,(x + 4, y + 3). = 


Addition and subtraction of vectors, multiplication of vectors by scalars, and so on, are defined 
in terms of their components. 


Definition 7.1.1 


Addition, Scalar Multiplication, Equality 


Let a = (aj, a>) and b = (b,, b>) be vectors in R?. 


(i) Addition: a + b = (a, + b,, a, + b,) (1) 
(ii) Scalar multiplication: ka = (kaj, kay) (2) 
(iii) Equality:a=b ifandonlyif a,=b,,a,=b) (3) 


I| Subtraction Using (2), we define the negative of a vector b by 


b = (—1)b = (by, —b,). 


We can then define the subtraction, or the difference, of two vectors as 


a—b=a+(—b) =(a, — bj, a — b,). (4) 


In FIGURE7.1.8(a) on page 324, we have illustrated the sum of two vectors OP, and OP;. In Figure 7.1.8(b), 
the vector P,P,, with initial point P, and terminal point P>, is the difference of position vectors 


P,P; = OP, — OP, = (x) — X1,Y2 — yi). 


As shown in Figure 7.1.8(b), the vector P,P; can be drawn either starting from the terminal point 


aa . . . ae “ae at . 
of OP, and ending at the terminal point of OP,, or as the position vector OP whose terminal 
point has coordinates (x, — x), y. — y,). Remember, OP and P,P, are considered equal, since 
they have the same magnitude and direction. 


| EXAMPLE2 | Addition and Subtraction of Two Vectors 


If a = (1, 4) and b = (—6, 3), finda + b, a — b, and 2a + 3b. 
SOLUTION We use (1), (2), and (4): 


a+b=(1+4 (—6),4 + 3) = (-5,7) 
a— b=(1 —(—6),4 — 3) = (7, 1) 
2a + 3b = (2, 8) + (-18, 9) = (—16, 17). 
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Hi Properties The component definition of a vector can be used to verify each of the fol- 
lowing properties of vectors in R*: 


Theorem 7.1.1 Properties of Vectors 


(i) at+b=bt+a < commutative law 
(ji) at+(b+ec)=(at+b)t+e < associative law 
(iii) a+O0=a < additive identity 
(iv) a+(-—a)=0 < additive inverse 


(v) k(at+b)=ka-+t kb, kascalar 
(vi) (k, +k,)a=k,at+ ka, k, and k, scalars 


y (vii) k,(k)a) = (k,k,)a, k, and ky scalars 
(viii) la=a 
Psp, Yo) (ix) Oa=0 < zero vector 


P(x,-x., y,- 
re The zero vector 0 in properties (iii), (iv), and (ix) is defined as 


PX, ¥)) 0= (0, 0). 


| Magnitude The magnitude, length, or norm of a vector a is denoted by ||al]. Motivated 


(b) by the Pythagorean theorem and FIGURE 7.1.9, we define the magnitude of a vector 
FIGURE 7.1.8 In (b), OP and P,P, a=(a,a) tobe |lall =. [Qe + a 


are the same vector 


|a|| = 0 for any vector a, and |\al| = 0 if and only if a = 0. For example, if a = (6, —2), 


|= Ve + (-2" = V40 = 2V10. 


Hi Unit Vectors A vector that has magnitude | is called a unit vector. We can obtain a unit 
vector u in the same direction as a nonzero vector a by multiplying a by the positive scalar k = 
1/|\a|| (reciprocal of its magnitude). In this case we say that u = (1/|a||)a is the normalization 
of the vector a. The normalization of the vector a is a unit vector because 


Clearly, 


then ||a 


FIGURE 7.1.9 A right triangle 


1 1 
to [pat ~ jal = 


Note: It is often convenient to write the scalar multiple u = (1/|lal|)a as 


"all 


| EXAMPLE3 | Unit Vectors 


Given a = (2, —1), form a unit vector in the same direction as a. In the opposite direc- 
tion of a. 


SOLUTION The magnitude of the vector a is ||al] = V2 + (-1 = V5. Thus a unit vector 
in the same direction as a is the scalar multiple 


ee p=(2 =) 
Fag a V5 V5/" 


A unit vector in the opposite direction of a is the negative of u: 


( a ) = 

u= s = fs = 
V5 V5 

If a and b are vectors and c, and c, are scalars, then the expression c,a + c,b is called a linear 


combination of a and b. As we see next, any vector in R? can be written as a linear combination 
of two special vectors. 
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(b) 
FIGURE 7.1.10 i and j form a basis for R? 


il The i, j Vectors In view of (1) and (2), any vector a = (dj), a>) can be written as a sum: 
(a), do) = (ay, 0) + (0, a) = a,(1, 0) + a,(0, 1). (5) 


The unit vectors (1, 0) and (0, 1) are usually given the special symbols i and j. See FIGURE 7.1.10(a). 
Thus, if 


i=(1,0) and j=(0,1), 
then (5) becomes a=ait aj. (6) 


The unit vectors i and j are referred to as the standard basis for the system of two-dimensional 
vectors, since any vector a can be written uniquely as a linear combination of i and j. If 
a = ai + aj is a position vector, then Figure 7.1.10(b) shows that a is the sum of the vectors 
a,i and a,j, which have the origin as a common initial point and which lie on the x- and y-axes, 
respectively. The scalar a, is called the horizontal component of a, and the scalar a, is called 
the vertical component of a. 


| EXAMPLE4 | Vector Operations Using i and j 


(a) (4,7) = 4i + 7j 

(b) (2i — 5j) + (81 + 13j) = 101 + 8j 

(e) |i +i = V2 

(d) 10(3i — j) = 30i — 10j 

(e) a = 6i + 4j and b = 9i + 6j are parallel, since b is a scalar multiple of a. We see 
that b = 3a. = 


| EXAMPLES | Graphs of Vector Sum/Vector Difference 


Let a = 44 + 2j and b = —2i + S5j. Grapha + banda — b. 


SOLUTION The graphs of a + b = 2i + 7j anda — b = 6i — 3j are given in FIGURE 7.1.11(a) 
and 7.1.11(b), respectively. 


(a) (b) 


FIGURE 7.1.11 Graphs of vectors in Example 5 


eza |Exercises| Answers to selected odd-numbered problems begin on page ANS-14. 


In Problems 1-8, find (a) 3a, (b) a + b, (c) a — b, (d) lla +b 


and (e) ||a — bll. 

1. a=2i+ 4j, b= -i+ 4j 
2, a=(1,1), b= (2,3) 

3. a= (4,0), b = (0, —5) 


| 4. a= i- gj, b=3i+ éj 
5. a= —3it+ 2j, b = 7j 

6. a=(1,3), b= —5a 

7. a=—b, b=2i1-9j 

8. a= (7,10), b=(1, 2) 
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In Problems 9-14, find (a) 4a — 2b and (b) —3a — 5b. 


9. a= (1, -3), b=(-1, 1) 

1. a=i+j, b=3i-2j 1. a=i-j, b= —3i14+4j 
12. a= (2,0), b= (0, —3) 13. a=(4, 10), b= —2(1, 3) 
14. a= (3,1) + (-1, 2), b = (6,5) — (1, 2) 


In Problems 15-18, find the vector P,P,. Graph P,P, and its 
corresponding position vector. 


15. P,(3, 2), P2(5, 7) 16. P,(—2, —-1), P(4, —5) 

17. P,\(3, 3), P2(5, 5) 18. P,(0, 3), P(2, 0) 

19. Find the terminal point of the vector PP, = 41 + 8j if its 
initial point is (—3, 10). 

20. Find the initial point of the vector PP; = (—5, —1) if its 
terminal point is (4, 7). 

21. Determine which of the following vectors are parallel to 
a= 4i + 6j. 
(a) —4i — 6j 
(c) 101+ 15j (d) 2G — j) — 3Gi- i) 
(e) 81+ 12j (f) (5i+ j) — (i+ 4j) 

22. Determine a scalar c so that a = 3i + cj and b = —i + 9j are 
parallel. 


(b) -i- 3j 


In Problems 23 and 24, find a + (b + c) for the given vectors. 


23. a= (5,1), b = (—2,4), e = (3, 10) 
24. a= (1,1), b= (4,3), ¢ = (0, —2) 


In Problems 25-28, find a unit vector (a) in the same direction 
as a, and (b) in the opposite direction of a. 


25. a = (2, 2) 26. a = (—3, 4) 7 
27. a = (0, —5) 28. a=(1,—V3) 


In Problems 29 and 30, a = (2, 8) and b = (3, 4). Find a unit 
vector in the same direction as the given vector. 


29. a+b 30. 2a — 3b 


In Problems 31 and 32, find a vector b that is parallel to the 
given vector and has the indicated magnitude. 


31. a= 3i+ 7j, |bl| =2 b|| = 3 


33. Find a vector in the opposite direction of a = (4, 10) but as 
long. 

34. Given that a = (1, 1) and b = (—1, 0), find a vector in the 
same direction as a + b but five times as long. 


32. a= 1 - 4j, 


In Problems 35 and 36, use the given figure to draw the 


indicated vector. 
35. 3b-—a 36. a+ (b+ c) 


b 


\y 
b a c 


FIGURE 7.1.13 Vectors for 
Problem 36 


FIGURE 7.1.12 Vectors for 
Problem 35 
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In Problems 37 and 38, express the vector x in terms of the 
vectors a and b. 


37. 38. x 


midpoint of x 


b 


FIGURE 7.1.14 Vector x in 
Problem 37 


FIGURE 7.1.15 Vector x in 
Problem 38 


In Problems 39 and 40, use the given figure to prove the given result. 


4. a+b+ce+d=0 


c 


39. a+b+c=0 


a a 


FIGURE 7.1.16 Vectors for FIGURE 7.1.17 Vectors for 
Problem 39 Problem 40 
In Problems 41 and 42, express the vector a = 2i + 3jasa 
linear combination of the given vectors b and c. 


MN. b=i+j, c=i-j 42. b = —2i + 4j, c = Si + 7j 
A vector is said to be tangent to a curve at a point if it is parallel 
to the tangent line at the point. In Problems 43 and 44, find a 


unit tangent vector to the given curve at the indicated point. 


43, y = 5x" + 1, (2,2) 44. y = —x° + 3x, (0,0) 
45. When walking, a person’s foot strikes the ground with a force 
F at an angle 6 from the vertical. In FIGURE 7.1.18, the vector 
F is resolved into vector components F,, which is parallel to 
the ground, and F,,, which is perpendicular to the ground. In 
order that the foot does not slip, the force F, must be offset 
by the opposing force F;, of friction; that is, F/ = —F,. 
(a) Use the fact that ||F/] = «||F, || , where pris the coefficient 
of friction, to show that tan 0 = w. The foot will not slip 
for angles less than or equal to 6. 
(b) Given that yu = 0.6 for a rubber heel striking an asphalt 
sidewalk, find the “no-slip” angle. 


F,______N F 


FIGURE 7.1.18 Vector F in Problem 45 


46. A 200-Ib traffic light supported by two cables hangs in equilib- 
rium. As shown in FIGURE 7.1.19(b), let the weight of the light be 
represented by w and the forces in the two cables by F, and F). 
From Figure 7.1.19(c), we see that a condition of equilibrium is 


wt+F,+F,=0. (7) 


See Problem 39. If 

w = —200j 

F, = (||F,|| cos 20°)i + (||F,|| sin 20°j 

F, = —(||F)|| cos 15°)i + (||F,|| sin 15°j, 
use (7) to determine the magnitudes of F, and F,. [Hint: Reread 
(iit) of Definition 7.1.1.] 


(a) 


(c) 
FIGURE 7.1.19 Three force vectors in Problem 46 
47. Anelectric charge Q is uniformly distributed along the y-axis 


between y = —a and y = a. See FIGURE 7.1.20. The total force 
exerted on the charge g on the x-axis by the charge Q is 


48. 


49. 


50. 


y 


FIGURE 7.1.20 Charge on x-axis in Problem 47 


Using vectors, show that the diagonals of a parallelogram 
bisect each other. [Hint: Let M be the midpoint of one diagonal 
and N the midpoint of the other. ] 

Using vectors, show that the line segment between the 
midpoints of two sides of a triangle is parallel to the third side 
and half as long. 

An airplane starts from an airport located at the origin O and 
flies 150 miles in the direction 20° north of east to city A. 
From A, the airplane then flies 200 miles in the direction 23° 
west of north to city B. From B, the airplane flies 240 miles 
in the direction 10° south of west to city C. Express the loca- 
tion of city C as a vector r as shown in FIGURE 7.1.21. Find the 
distance from O to C. 


F=Fit+ As where 


FIGURE 7.1.21 Airplane in Problem 50 


In the plane, or 2-space, one way of describing the position of a point P 
is to assign to it coordinates relative to two mutually orthogonal, or perpendicular, axes called 
the x- and y-axes. If P is the point of intersection of the line x = a (perpendicular to the x-axis) 
and the line y = b (perpendicular to the y-axis), then the ordered pair (a, )) is said to be the 
rectangular or Cartesian coordinates of the point. See FIGURE 7.2.1. In this section we extend 
the notions of Cartesian coordinates and vectors to three dimensions. 


|| Rectangular Coordinate System in 3-Space _ In three dimensions, or 3-space, a rec- 


pa wf | ‘ Ldy 
* Amey J_ 2a(L? + yy’? 
qQ [* ydy 
m 1 dare, ' a2 + yy? 
Determine F. 
72 | Vectors in 3-Space 
INTRODUCTION 
y 
y=b--—------= | P(a, b) 
| 
| 
| 
! 
O am x 


FIGURE 7.2.1 Rectangular coordinates in 
2-space 


tangular coordinate system is constructed using three mutually orthogonal axes. The point at which 
these axes intersect is called the origin O. These axes, shown in FIGURE 7.2.2(a), are labeled in accor- 
dance with the so-called right-hand rule: If the fingers of the right hand, pointing in the direction 
of the positive x-axis, are curled toward the positive y-axis, then the thumb will point in the direction 
of a new axis perpendicular to the plane of the x-and y-axes. This new axis is labeled the z-axis. 
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FIGURE 7.2.4 Points in Example 1 


Va, —%,% +0,-9,P 


FIGURE 7.2.5 Distance d between two 
points in 3-space 
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right hand 
(a) (b) 


FIGURE 7.2.2 Rectangular coordinates in 3-space 


The dashed lines in Figure 7.2.2(a) represent the negative axes. Now, if 
x=a, y=b, z=c 


are planes perpendicular to the x-axis, y-axis, and z-axis, respectively, then the point P at which 
these planes intersect can be represented by an ordered triple of numbers (a, b, c) said to be the 
rectangular or Cartesian coordinates of the point. The numbers a, b, and c are, in turn, called 
the x-, y-, and z-coordinates of P(a, b, c). See Figure 7.2.2(b). 


| Octants Each pair of coordinate axes determines a coordinate plane. As shown in 
FIGURE 7.2.3, the x- and y-axes determine the xy-plane, the x- and z-axes determine the xz-plane, 
and so on. The coordinate planes divide 3-space into eight parts known as octants. The octant 
in which all three coordinates of a point are positive is called the first octant. There is no agree- 
ment for naming the other seven octants. 

The following table summarizes the coordinates of a point either on a coordinate axis or in a 
coordinate plane. As seen in the table, we can also describe, say, the xy-plane by the simple equa- 
tion z = 0. Similarly, the xz-plane is y = 0 and the yz-plane is x = 0. 


Coordinates Plane Coordinates 
i (a, 0, 0) xy (a, b, 0) 
y (0, b, 0) NE (a, 0, c) 
z (0, 0, c) yz (0, b, c) 


| EXAMPLE1 | Graphs of Three Points 


Graph the points (4, 5, 6), (3, —3, —1), and (—2, —2, 0). 
SOLUTION Of the three points shown in FIGURE 7.2.4, only (4, 5, 6) is in the first octant. The 
point (—2, —2, 0) is in the xy-plane. = 


]| Distance Formula To find the distance between two points P,(x;, y,, Z;) and P3(X>, Yo, Zs) 
in 3-space, let us first consider their projection onto the xy-plane. As seen in FIGURE 7.2.5, the 
distance between (x), y;, 0) and (x, yo, 0) follows from the usual distance formula in the plane 


and is V(x, — x,)2 + (y — y,)2. If the coordinates of P; are (x, y>, z)), then the Pythagorean 
theorem applied to the right triangle P,; P,P; yields 


[a(P,, P)P = [V00 — mY + 62 — yWPP t+ le - al 


or d(P,, P) = Va — x1) + O2 — yi + (@ — 2. (1) 


| EXAMPLE2 | Distance Between Two Points 


Find the distance between (2, —3, 6) and (—1, —7, 4). 
SOLUTION Choosing P, as (2, —3, 6) and P, as (—1, —7, 4), formula (1) gives 


d= VQ -(-bDy + (-3 — (DY + 6 — 4% = V29. = 


x 


FIGURE 7.2.6 Position vector 


a4 P(X), Yo Z,) 


FIGURE 7.2.7 OP and P,P, are the same 
vector 


|| Midpoint Formula The formula for finding the midpoint of a line segment between two 
points in 2-space carries over in an analogous fashion to 3-space. If P;(x,, y,, Z;) and P3(%, yo, Zs) 
are two distinct points, then the coordinates of the midpoint of the line segment between 
them are 


(2) 


(3 + xX yy + yo % +2) 
2° 7 * 2 : 


| EXAMPLE3 | Coordinates of a Midpoint 


Find the coordinates of the midpoint of the line segment between the two points in Example 2. 


SOLUTION From (2) we obtain 


2+(-1) -3+(-7)6+4 
( : ) = ) 5 ) or (5, —5,5). = 


I| Vectors in 3-Space A vector a in 3-space is any ordered triple of real numbers 
a= (a), a, a3), 


where a), a>, and a; are the components of the vector. The set of all vectors in 3-space will be 
denoted by the symbol R°. The position vector of a point P(x;, y,, z;) in space is the vector 
OP = (x, y;, Z;) whose initial point is the origin O and whose terminal point is P See FIGURE 7.2.6. 

The component definitions of addition, subtraction, scalar multiplication, and so on, are natural 
generalizations of those given for vectors in R?. Moreover, the vectors in R° possess all the prop- 
erties listed in Theorem 7.1.1. 


Definition 7.2.1 | Component Definitions in 3-Space 


Let a = (aj, ay, a3) and b = (b,, by, b;) be vectors in R°. 

(i) Addition: a + b = (a, + by, a) + by, az + bs) 

(ii) Scalar multiplication: ka = (ka,, kay, ka3) 

(iii) Equality: a = b if and only if a, = b,, a, = by, a; = b 

(iv) Negative: —b = (—1)b = (—b,, —b,, —b;) 

(v) Subtraction: a — b = a + (—b) = (a, — by, a — bp, ay — bs) 
(vi) Zero vector: 0 = (0, 0, 0) 


(vii) Magnitude: |lal| = V aj + a3 + a3 


If OP, and OP, are the position vectors of the points P;(x,, y;, Z;) and P(x, yo, Z2), then the 
vector P,P, is given by 


P,P, = OP, — OP, = G2 — X41, Y2 — Yu 22 — %)- (3) 


—> 
As in 2-space, P,P, can be drawn either as a vector whose initial point is P, and whose terminal 
point is P, or as position vector OP with terminal point 


P(X_ — X1, Yo — Vy, 2 — 21): 
See FIGURE 7.2.7. 


| EXAMPLE4 | Vector Between Two Points 


Find the vector P,P, if the points P, and P, are given by P,(4, 6, —2) and P,(1, 8, 3), 
respectively. 


SOLUTION If the position vectors of the points are OP, = (4, 6, —2) and OP, = (1, 8, 3), 
then from (3) we have 


P,P, = OP; — OP, =(1 — 4,8 — 6,3 — (—2)) = (-3, 2, 5). 
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FIGURE 7.2.8 i, j, and k form a basis for R° 
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| EXAMPLES | A Unit Vector 


Find a unit vector in the direction of a = (—2, 3, 6). 


SOLUTION Since a unit vector has length 1, we first find the magnitude of a and then use 
the fact that a/|al| is a unit vector in the direction of a. The magnitude of a is 
llall = V2”? + 3? + @ = V49 = 7. 


A unit vector in the direction of a is 


al 236 = 
alo Gan, ‘ 


Hi The i, i, k Vectors We saw in the preceding section that the set of two unit vectors 
i = (1, 0) and j = (0, 1) constitute a basis for the system of two-dimensional vectors. That is, 
any vector a in 2-space can be written as a linear combination of i and j: a = a,i + a,j. Likewise 
any vector a = (dj, dy, 43) in 3-space can be expressed as a linear combination of the unit vectors 


i=(1,0,0), j=«0,1,0), k=(0,0, 1). 
To see this we use (i) and (ii) of Definition 7.2.1 to write 
(Q, A, 3) = (a), 0, 0) + (0, ay, 0) + (0, 0, a3) 
= a,(1, 0, 0) + a,(0, 1, 0) + a;(0, 0, 1); 
that is, a=ait+ ajt+ ak. 
The vectors i, j, and k illustrated in FIGURE 7.2.8(a) are called the standard basis for the system 
of three-dimensional vectors. In Figure 7.2.8(b) we see that a position vector a = a,i + a)j + ak 


is the sum of the vectors ai, a,j, and a,k, which lie along the coordinate axes and have the origin 
as a common initial point. 


| EXAMPLE6 | Using the i, j, k Vectors 


The vector a = (7, —5, 13) is the same as a = 7i — 5j + 13k. = 


When the third dimension is taken into consideration, any vector in the xy-plane is equiva- 
lently described as a three-dimensional vector that lies in the coordinate plane z = 0. Although 
the vectors (a), a>) and (a), dy, 0) are technically not equal, we shall ignore the distinction. That 
is why, for example, we denoted (1, 0) and (1, 0, 0) by the same symbol i. But to avoid any 
possible confusion, hereafter we shall always consider a vector a three-dimensional vector, and 
the symbols i and j will represent only (1, 0, 0) and (0, 1, 0), respectively. Similarly, a vector 
in either the xy-plane or the xz-plane must have one zero component. In the yz-plane, a vector 


b=(0,b5,b3) iswritten b=b,j + )3k. 
In the xz-plane, a vector 


c=(c,,0,c3) isthesameas ec=c,i+ ck. 


| EXAMPLE7 | Vector in xz-Plane 


(a) The vector a = Si + 3k = 5i + Oj + 3k lies in the xz-plane and can also be written 
as a = (5, 0, 3). 
(b) ||Si+ 3k|| = V5? + 0 + 3? = V25 +9 = V34 = 


| EXAMPLES | 8 Linear Combination 


Ifa = 3i — 4j + 8k and b =i — 4k, find Sa — 2b. 


SOLUTION Wetreat basa three-dimensional vector and write, for emphasis, b = i + 0j — 4k. 
From 


Sa = 15i—20j+ 40k and 2b=2i+ Oj — 8k 
we get Sa — 2b = (15i — 20j + 40k) — (21 + 0j — 8k) 
= 131 — 20j + 48k. 


| 7.2 Exercises Answers to selected odd-numbered problems begin on page ANS-14. 


In Problems 1-6, graph the given point. Use the same coordinate 
axes. 


1. (1, 1,5) 2. (0, 0, 4) 
3. (3, 4,0) 4. (6, 0, 0) 
5. (6, —2, 0) 6. (5, —4, 3) 


In Problems 7—10, describe geometrically all points P(x, y, z) 
that satisfy the given condition. 
1 z=5 8 x= 1 
9 x=2, y=3 10. x=4, y 1l,z=7 
11. Give the coordinates of the vertices of the rectangular paral- 
lelepiped whose sides are the coordinate planes and the planes 
x=2,y=5,z=8. 
12. In FIGURE 7.2.9, two vertices are shown of a rectangular paral- 
lelepiped having sides parallel to the coordinate planes. Find 
the coordinates of the remaining six vertices. 


(-1, 6, 7) 


FIGURE 7.2.9 Rectangular parallelepiped in Problem 12 


13. Consider the point P(—2, 5, 4). 
(a) If lines are drawn from P perpendicular to the coordinate 
planes, what are the coordinates of the point at the base 
of each perpendicular? 


(b) If a line is drawn from P to the plane z = —2, what 
are the coordinates of the point at the base of the 
perpendicular? 


(c) Find the point in the plane x = 3 that is closest to P. 
14. Determine an equation of a plane parallel to a coordinate plane 
that contains the given pair of points. 
(a) (3,4, —5), (—2, 8, -5) 
(b) GU, -1,1,d, -1, -1) 
(c) (—2, 1, 2), (2, 4, 2) 


In Problems 15—20, describe the locus of points P(x, y, z) that 
satisfy the given equation(s). 

15. xyz = 0 16. x? +y+7=0 

7. (xt 1P +(y—- 2% + (< +3" =0 

18. (x — 2)(z — 8) =0 


19. 27—-25=0 20. x=y=z 


In Problems 21 and 22, find the distance between the given points. 

21. (3, —1, 2), (6, 4, 8) 22. (—1, —3, 5), (0, 4, 3) 

23. Find the distance from the point (7, —3, —4) to (a) the yz-plane 
and (b) the x-axis. 

24. Find the distance from the point (— 6, 2, —3) to (a) the xz-plane 
and (b) the origin. 


In Problems 25-28, the given three points form a triangle. Determine 
which triangles are isosceles and which are right triangles. 

25. (0, 0, 0), (3, 6, —6), (2, 1, 2) 

26. (0,0, 0), (1,2, 4), 3, 2,22) 

27. (1, 2, 3), (4, 1, 3), 4, 6, 4) 

28. (1,1, —1), (1, 1, 1), @, —1, 1) 

In Problems 29 and 30, use the distance formula to prove that 
the given points are collinear. 

29. P,(1, 2,0), Px(—2, —2, —3), P3(7, 10, 6) 

30. P,(2, 3, 2), Pa(1, 4, 4), P3(5, 0, —4) 


In Problems 31 and 32, solve for the unknown. 


31. P,(x, 2,3), Po(2, 1, 1); d(P;, Ps) = V21 
32. P,(x, x, 1), P2(0, 3, 5); d(P;, P2) = 5 


In Problems 33 and 34, find the coordinates of the midpoint of 
the line segment between the given points. 


33. (1, 3, 4), (7, -2, 3) 34. (0,5, —8), (4, 1, —6) 

35. The coordinates of the midpoint of the line segment between 
P,(x,, y;, Z,) and P,(2, 3, 6) are (—1, —4, 8). Find the coordi- 
nates of P. 

36. Let P; be the midpoint of the line segment between P,(—3, 4, 1) 
and P,(—5, 8, 3). Find the coordinates of the midpoint of the line 
segment (a) between P, and P; and (b) between P; and P). 


In Problems 37-40, find the vector P,P, : 
37. P,(3, 4,5), P,(0, —2,6) 38. P\(—2,4, 0), P,(6, 5, 8) 
39. P,(0, —1,0), P3(2,0,1) 40. P,(5, 3,5), P(—3, —3, 12) 


In Problems 41-48, a = (1, —3, 2), b = (—1, 1, 1), and 
c = (2, 6, 9). Find the indicated vector or scalar. 


4. a+ (b+c) 42. 2a — (b-—c) 

43. b + 2(a — 3c) 44. 4(a + 2c) — 6b 

45. |la + elj 46. |le|| ||2b]| 

a b 

lal b|) 

49. Find a unit vector in the opposite direction of a = (10, —5, 10). 

50. Find a unit vector in the same direction as a = i — 3j + 2k. 

51. Find a vector b that is four times as long asa = i— j + kin 
the same direction as a. 

52. Find a vector b for which ||b|| = 3 that is parallel to 
a = (—6, 3, —2) but has the opposite direction. 

53. Using the vectors a and b shown in FIGURE 7.2.10, sketch the 
“average vector” 7(a + b). 


47. 48. ||b||a + |lal|b 


Xx 


FIGURE 7.2.10 Vectors for Problem 53 
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73 | Dot Product 


INTRODUCTION In this and the following section, we shall consider two kinds of products 
between vectors that originated in the study of mechanics and electricity and magnetism. The 
first of these products, known as the dot product, is studied in this section. 


[| Component Form of the Dot Product The dot product, defined next, is also known 
as the inner product, or scalar product. The dot product of two vectors a and b is denoted by 
a- b and is a real number, or scalar, defined in terms of the components of the vectors. 


Definition 7.3.1 Dot Product of Two Vectors 


In 2-space the dot product of two vectors a = (a, a>) and b = (by, b>) is the number 
a-b= a,b, ate Anb. (1) 
In 3-space the dot product of two vectors a = (aj, a, a3) and b = (b,, b>, b3) is the number 


a-b= a,b, aE Andy =F a3b3. (2) 


| EXAMPLE1 | Dot Product Using (2) 


Ifa = 10i + 2j — 6k and b = —}5i+ 4j — 3k, then it follows from (2) that 
a-b = (10)(—3) + (2)(4) + (—6)(—3) = 21. = 


| EXAMPLE2 | Dot Products of the Basis Vectors 


Since i = (1, 0, 0), j = (0, 1, 0), and k = (0, 0, 1), we see from (2) that 
i-j=j-i=0, j-k=k-j=0, and k-i=i-k=0. (3) 
Similarly, by (2) 
i-i=l, j-j=1, and k-k=1, (4) = 


I Properties The dot product possesses the following properties. 


Theorem 7.3.1 Properties of the Dot Product 


(i) a-b=O0ifa=O0orb=0 

(ii) a-b=b-a < commutative law 
(iii)a-(b+e)=a-bt+a-e < distributive law 
(iv) a-(kb) = (ka)}: b=k(a-b), kascalar 

(v) a-a=O0 

(vi) a-a= |lal? 


PROOF: All the properties can be proved directly from (2). We illustrate by proving parts (iii) 
and (vi). 
To prove part (iii) we let a = (a), a>, a3), b = (bj, by, b3), and ¢ = (cj, Cy, c3). Then 
a: (b + €) = (a), dp, 3) * (dy, Ba, b3) + (C1, C2, €3)) 
= (ay, dy, a3) + (b, + Cy, By + Cy, bs + €3) 
= a,(b, + cy) + ag(by + cz) + a3(b3 + C3) 


numbers is distributive over 
addition 


= ayb, + aye, + aby + Ancy + a3b3 + A303, <— 


| since multiplication of real 
(a,b, + dyby + ayb3) + (aye, + Gycy + a3C3) 


=a:‘bta-e. 


This more geometric form 
is what is generally used 
as the definition of the 

dot product in a physics 
course. 


rie 


b 


FIGURE 7.3.1 Vector c in the proof of 
Theorem 7.3.2 


To prove part (vi) we note that 
a+ a = (dj, dy, a3) * (dy, d, a3)= at + az + a3 = |lalp. = 


Notice that (vi) of Theorem 7.3.1 states that the magnitude of a vector can be written in terms 
of the dot product: 


\lal| = Va-a = Va? + a3 + aj. 


Hi Alternative Form The dot product of two vectors a and b can also be expressed in terms 
of the lengths of the vectors and the angle between them. If the vectors a and b are positioned in 
such a manner that their initial points coincide, then we define the angle between a and b as the 
angle @ that satisfies 0 = 0 = 7. 


Theorem 7.3.2 Alternative Form of Dot Product 


The dot product of two vectors a and b is 


= |lall||b||cos@ (5) 


where @ in the angle between the vectors. 


PROOF: Suppose @ is the angle between the vectors a = a,i + aj + ak and b = bji + yj + 3k. 
Then the vector 


c=b-—a=(b, — a))i +(b2 — ay) j + (b3 — a3)k 


is the third side of the triangle indicated in FIGURE 7.3.1. By the law of cosines we can write 
lel’ = |[b|? + llal’ — 2\lal|||bl|cos@ or 


1 
||al|||bl|cos@ = 5 Mlb + |lal? — lel). (6) 
Using lal? = a2 + a2 + a2, |[bl? = 52 + 53 + 32, 
and llc? = [|b — al? = ©, — a)? + () — a)? + (3 — a), 


the right-hand side of equation (6) simplifies to a,b, + a,b, + a3b3. Since the last expression 
is (2) in Definition 7.3.1, we see that ||al|||b||cos@ = a- b. = 


[| Orthogonal Vectors If a and b are nonzero vectors, then |lal| and ||b|| are both positive 
numbers. In this case it follows from (5) that the sign of the dot product a - b is the same as the sign 
of cos @. In FIGURE 7.3.2 we see various orientations of two vectors for angles that satisfy 0 <= 6 = 7. 
Observe from Figure 7.3.2 and (5) that a - b > 0 for 6 = 0, a: b > 0 when @ is acute, a - b = 0 for 
0 = 77/2, a- b <0 when 6 is obtuse, and a - b < 0 for 6 = a. In the special case 0 = 77/2 we say 
that the vectors are orthogonal or perpendicular. Moreover, if we know that a - b = 0, then the 
only angle for which this is true and satisfying 0 = 0 = 71s 6 = 77/2. This leads us to the next result. 


—~ £< DM 


6=0 ae es d= an mW2<O0<2 = 
cos = 1 cos @>0 cos 8@=0 cos 8<0 we 
(a) same direction (b) acute angle (c) orthogonal (d) obtuse angle (e) opposite direction 


FIGURE 7.3.2 Angles between vectors a and b 


Theorem 7.3.3 Criterion for Orthogonal Vectors 


Two nonzero vectors a and b are orthogonal if and only if a - b = 0. 


Since 0 - b = (0, 0, 0) - (b,, by, b3) = 0(b,) + O(b,) + O(b3) = 0 for every vector b, the zero 
vector 0 is considered to be orthogonal to every vector. 
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FIGURE 7.3.3 Direction angles a, B, and y 
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| EXAMPLE3 | Orthogonal Vectors 


Ifa = —3i — j + 4k and b = 2i + 14j + 5k, then 

a-b = (—3)(2) + (-1I)04) + 4G) = 0. 
From Theorem 7.3.3, we conclude that a and b are orthogonal. = 
In Example 1, from a - b # 0 we can conclude that the vectors a = 10i + 2j — 6k and 


b = —4i + 4j — 3k are not orthogonal. From (3) of Example 2, we see what is apparent in 
Figure 7.2.8, namely, the vectors i, j, and k constitute a set of mutually orthogonal unit vectors. 


Il Ang le Between Two Vectors By equating the two forms of the dot product, (2) and 
(5), we can determine the angle between two vectors from 
a,b, + Anby rs a3b; 


cos@ = ; (7) 
||a}||b|| 


| EXAMPLE4 | Angle Between Two Vectors 


Find the angle between a = 21 + 3j + kandb = —i+ 5j +k. 

SOLUTION From |jal| = V14, \b|| = 27, a- b = 14, we see from (7) that 
14 V42 

Viavo7 9 


and so 6 = cos! (42/9) = 0.77 radian or 0 = 43.9°, = 


cos@ = 


Il Direction Cosines Fora nonzero vector a = a;i + a)j + ayk in 3-space, the angles a, 
B, and y between a and the unit vectors i, j, and k, respectively, are called direction angles of 
a. See FIGURE 7.3.3. Now, by (7), 


avi B a-j a‘k 
cosa = => cosp = sp Cosy = : 
llalllill llallfall lall|k| 
which simplify to 
a, ay a3 
cosa =7—, cosB= 7, cosy =7. 
lal lal lal 


We say that cos a, cos B, and cos y are the direction cosines of a. The direction cosines of a 
nonzero vector a are simply the components of the unit vector (1/|lall)a: 


: a 
lal 


Since the magnitude of (1/||al|) a is 1, it follows from the last equation that 


oe i+ = jt = k = (cosa)i + (cosB)j + (cosy) k. 
lla! lal fall 


cos’a + cos’B + cos*y = 1. 


| EXAMPLE5 | Direction Cosines/Angles 


Find the direction cosines and direction angles of the vector a = 2i + 5j + 4k. 


SOLUTION From|lal| = V2 45° + 4 = V45 = 3\/5,we see that the direction cosines are 


cosa = cosB = cosy = 


2 5 4 
3V5, a4/5 a5. 


The direction angles are 


2 
a=cos! (=) = 1.27radians or a= 72.7° 


3V5 


5 
B=cos! (=) =0.73 radian or B~41.8° 


3V5 


4 
y =cos? (=) =~ (0.93 radian or y~53.4°. 


3V5 


llall cos @ 


(a) 


\, “4 
LZ [all cos 8 
* 


(b) 
FIGURE 7.3.4 Component of a on b 


FIGURE 7.3.5 Projections of a onto i, j, 
and k 


unit 1 


—b 
vector ||b]| 
proj,,a 


FIGURE 7.3.6 Projection of a onto b 


Observe in Example 5 that 


"a + cos’B + cos” + +7 =1. 
cosa + cos"B + cos-y 45° 45° 45 


Hi Component ofaonb The distributive law and (3) enable us to express the components 
of a vector a = a,i + adj + a3k in terms of the dot product: 


a, =a'i, d,=a'j, a,=a°k. (8) 
Symbolically, we write the components of a as 
compa =a-i, compa=a-j,  comp,a=a-k. (9) 


We shall now see that the results indicated in (9) carry over to finding the component of a on 
an arbitrary vector b. Note that in either of the two cases shown in FIGURE 7.3.4, 


comp,a = |lal| cos 6. (10) 
In Figure 7.3.4(b), comp,a < 0 since 77/2 < 6 = 77. Now, by writing (10) as 


_ lall|[bllcos@ _ ab 


comp,a 


||b|| ||b|| ° 
1 a:b 
we see that comp,a = a-( b} = : (11) 
. ||b|| ||b|| 


In other words: 


To find the component of a on a vector b, we dot a with a unit vector in the direction of b. 


| EXAMPLE6 | Component of a Vector on Another Vector 


Let a = 21 + 3j — 4k and b = i+ j + 2k. Find comp,a and comp,b. 


SOLUTION We first form a unit vector in the direction of b: 


IIb] = V6, me see! + 2k). 


Then from (11) we have 


1 3 
comp,a = (2i + 3j — 4k) - —= G+ j t+ 2k) = —- 


Ve 


lon 


By modifying (11) accordingly, we have 


re 


il 1 
Therefore, \|al| = V29, a= —= (i+ 3j — 4k) 
lal = -V/29 
d b = (i + j + 2k) ae (2i + 3j — 4k) ee = 
an comp,b = (i+ j : i+ 3j — 4k) = — = 
V29 V29 


Hi Projection of a onto b As illustrated in FIGURE 7.3.5, the projection of a vector a in 
any of the directions determined by i, j, k is simply the vector formed by multiplying the com- 
ponent of a in the specified direction with a unit vector in that direction; for example, 


projja = (compa)i = (a- ii = ayi 
and so on. FIGURE 7.3.6 shows the general case of the projection of a onto b: 
1 a-b 
pa = a)( 7 7b) =|.) b. 12 
proj,a = (comp), iC ) (22) (12) 
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| EXAMPLE7 | Projection of a Vector on Another Vector 


Thus, from (12), 


FIGURE 7.3.7 Projection of a onto b in 
Example 7 


y Find the projection of a = 4i + j onto the vector b = 2i + 3j. Graph. 
SOLUTION First, we find the component of a and b. Since ||b|| = V'13, we find from (11) that 


1 11 
comp,a = (41 + j)- Wis (2i+ 3j) = We 


11 


1 22 
fe a4 3) a ea te OOH. 
projpa ( =) (J=)ai 3j) Bt 433 


The graph of this vector is shown in FIGURE 7.3.7. = 


[| Physical Interpretation of the Dot Product Whenaconstant force of magnitude F 
moves an object a distance d in the same direction of the force, the work done is simply W = Fd. 
! However, if a constant force F applied to a body acts at an angle @ to the direction of motion, 
| then the work done by F is defined to be the product of the component of F in the direction of 
the displacement and the distance ||d|| that the body moves: 


W = (||FI| cos 6) [dll = ||F|||ldl| cos 6. 


d See FIGURE 7.3.8. It follows from Theorem 7.3.2 that if F causes a displacement d of a body, then 


the work done is 
FIGURE 7.3.8 Work done by a force F 


W=F-d. (13) 


| EXAMPLES | 8 Work Done by a Constant Force 


Find the work done by a constant force F = 2i + 4j if its point of application to a block moves 
from P,(1, 1) to P,(4, 6). Assume that ||F|| is measured in newtons and ||d|| is measured in 


meters. 


SOLUTION The displacement of the block is given by 


d = P,P, = OP, — OP, =3i+ 5j. 


It follows from (13) that the work done is 


W = (21+ 4j) - Gi + 5j) = 26 N-m. 


| 73 | |Exercises| Answers to selected odd-numbered problems begin on page ANS-15. 


In Problems 1-12, a = (2, —3, 4), b = (—1, 2, 5), and 
c = (3, 6, —1). Find the indicated scalar or vector. 


1.a-b 2. b-c 

3. a-c 4. a: (b+ c) 

5. a: (4b) 6. b-(a-—c) 

7. aca 8. (2b) - Be) 

9. a:‘(at+b+c) 10. (2a) - (a — 2b) 


‘b 
11. (22) b 12. (c-b)a 
In Problems 13 and 14, find a - b if the smaller angle between 
a and b is as given. 
13. |al|=10, |b =5, 6=7/4 
14. |all=6, |b =12, 6 = 2/6 
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15. Determine which pairs of the following vectors are orthogonal: 


(a) (2,0, 1) (b) 3i+ 2j)-k 
(c) 2i-j-k (d) i— 4j + 6k 
(e) (1, —1, 1) (f) (—4, 3, 8) 


16. Determine a scalar c so that the given vectors are orthogonal. 
(a) a = 2i— cj + 3k, b = 31+ 2j + 4k 
(b) a= (c,3,¢), b = (—3, 4, c) 

17. Find a vector v = (x, y;, 1) that is orthogonal to both 
a = (3, 1, —1) and b = (—3, 2, 2). 

18. A rhombus is an oblique-angled parallelogram with all four 
sides equal. Use the dot product to show that the diagonals of 
a rhombus are perpendicular. 


19. Verify that the vector 


is orthogonal to the vector a. 

20. Determine a scalar c so that the angle between a = i+ cj 
and b =i+ jis 45°. 

In Problems 21—24, find the angle 6 between the given vectors. 

21. a = 3i—k, b = 2i+ 2k 

22. a= 2i+j, b= —3i —- 4j 

23. a = (2,4,0), b = (—-1, —1, 4) 

24. a =(3,7,3), b = (2, —4, 6) 

In Problems 25—28, find the direction cosines and direction 

angles of the given vector. 

25. a=i+ 2j + 3k 26. a = 61 + 6j — 3k 

27. a = (1,0, - V3) 28. a = (5,7, 2) 

29. Find the angle between the diagonal AD of the cube shown 
in FIGURE 7.3.9 and the edge AB. Find the angle between the 
diagonal AD of the cube and the diagonal AC. 


FIGURE 7.3.9 Diagonal in Problem 29 


30. Show that if two nonzero vectors a and b are orthogonal, then 
their direction cosines satisfy 


COS a, COS a, + cos B, cos By + cos y; COS Y = 0. 


31. An airplane is 4 km high, 5 km south, and 7 km east of an 
airport. See FIGURE 7.3.10. Find the direction angles of the plane. 


FIGURE 7.3.10 Airplane in Problem 31 


32. Determine a unit vector whose direction angles, relative to 
the three coordinate axes, are equal. 


In Problems 33-36, a = (1, —1, 3) and b = (2, 6, 3). Find the 
indicated number. 


33. comp,a 
35. comp,(b — a) 


34. comp,b 
36. comp,,(a + b) 


In Problems 37 and 38, find the component of the given vector 
in the direction from the origin to the indicated point. 

37. a= 4i + 6j, P(3, 10) 

38. a=(2,1,-1), Pd,-1,) 


In Problems 39-42, find proj,a. 

39. a= —Si+ 5j, b = —3i + 4j 

40. a= 4i + 2j, b= —31+j 

M. a= —i- 2j + 7k, b = 6i — 3j — 2k 
42. a= (1,1, 1), b = (—2, 2, —-1) 


In Problems 43 and 44, a = 4i + 3j and b = —i+ j. Find the 
indicated vector. 


43. projia +p) 44. proj —pyb 

45. A sled is pulled horizontally over ice by a rope attached to the 
front of the sled. A 20-Ib force acting at an angle of 60° with the 
horizontal moves the sled 100 ft. Find the work done. 

46. Find the work done if the point at which the constant force 
F = 4i + 3j + 5k is applied to an object moves from 
P,(3, 1, —2) to P,(2, 4, 6). Assume ||F'| is measured in newtons 
and ||d|| is measured in meters. 

47. A block with weight w is pulled along a frictionless horizontal 
surface by a constant force F of magnitude 30 newtons in the 
direction given by a vector d. See FIGURE 7.3.11. Assume ||d|| 
is measured in meters. 

(a) What is the work done by the weight w? 
(b) What is the work done by the force F if d = 4i + 3j? 


wow 


FIGURE 7.3.11 Block in Problem 47 


48. A constant force F of magnitude 3 |b is applied to the block 
shown in FIGURE 7.3.12. F has the same direction as the vector 
a = 3i + 4j. Find the work done in the direction of motion if 
the block moves from P,(3, 1) to P,(9, 3). Assume distance 
is measured in feet. 


FIGURE 7.3.12 Block in Problem 48 


49. In the methane molecule CHy, the hydrogen atoms are located 
at the four vertices of a regular tetrahedron. See FIGURE 7.3.13. 
The distance between the center of a hydrogen atom and 
the center of a carbon atom is 1.10 angstroms (1 angstrom = 
10 '° meter), and the hydrogen—carbon—hydrogen bond angle 
is 9 = 109.5°. Using vector methods only, find the distance 
between two hydrogen atoms. 


7.3 DotProduct | 337 


FIGURE 7.3.13 Molecule in Problem 49 


Discussion Problems 


53. Use the result of Problem 52 and FIGURE 7.3.14 to show that the 
distance d from a point P,(x,, y;) toa line ax + by + c = Ois 


oe |ax, + by, + c| 


Va + b’ 


Pap, YM 
\ 


50. Use the dot product to prove the Cauchy—Schwarz inequality: 


la - bl < |lal| ||b]]. 


51. Use the dot product to prove the triangle inequality 
|a + bl] < |lal] + ||b||. [Hint: Consider property (vi) of the 


dot product. ] 
52. Prove that the vector n = ai + bjis perpendicular to the line FIGURE 7.3.14 Distance d in Problem 53 

whose equation is ax + by + c = 0. [Hint: Let P\(x;, y,) and 

P(X, y2) be distinct points on the line. ] 
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ax + by+c=0 


74 Cross Product 


INTRODUCTION The dot product, introduced in the preceding section, works in both two- and 

three-dimensional spaces and results in a number. On the other hand, the cross product, introduced 

in this section, is only defined for vectors in 3-space and results in another vector in 3-space. 
Before proceeding we need the following two results from the theory of determinants. 


> I] Review of Determinants A determinant of order 2 is the number 


b, b, = a,b, = ayb,. (1) 


A determinant of order 3 is the number defined in terms of three determinants of order 2: 
a, a a, 
bi by bs} = a, 


Cy Co C3 


b, by 


C2 C3 


Cy C3 


Cy CQ 


+ G : (2) 


= a, 


This is called expanding the determinant along the first row. For example, from (1) 


She 8 
. 3 
and from (2) 
8 5 4 
4 6 2 6 7 4 
2 4 6/=8 —5 +4 = 8(0) — 5(12) + 4(8) = —28. 
5 2 3 1 3} |-1 2 


[| Component Form of the Cross Product As we did in the discussion of the dot prod- 
uct, we define the cross product of two vectors a and b in terms of the components of the vectors. 


Definition 7.4.1 Cross Product of Two Vectors 


The cross product of two vectors a = (aj, dy, a3) and b = (bj, b>, b3) is the vector 


a X b = (ayb3 — a3by)i — (a,b3 — a3b,)j + (ab — ayb,)k. (3) 


FIGURE 7.4.1 A mnemonic for cross 
products involving i, j, and k 


The coefficients of the basis vectors in (3) are recognized as determinants of order 2, so (3) 
can be written as 


a2 a3 


aq a 
b, bs 


ay a> 


k. 4 
bbs (4) 


axb= | os jt 


By comparing (4) with (2), we see that the cross product can be formally expressed as a deter- 
minant of order 3 with the unit vectors i, j, and k as entries in the first row and the components 
of a and b entries of the second and third rows, respectively: 


i ji & 
aXb= ay ay a3). (5) 
b, b, bz 


| EXAMPLE1 | Cross Product Using (5) 


Let a = 4i — 2j + 5k and b = 3i + j — k. Finda X b. 


SOLUTION We use (5) and expand the determinant along the first row: 
i j k 

axb=|4 -2 5 

3 1 =1 


=2 2 
l =] 


. «(4 51. 4 -2 
1— J 
3 =1 


—3i + 19j + 10k. = 


| EXAMPLE2 | Cross Product of Two Basis Vectors 


If i = (1, 0, 0) and j = (0, 1, 0), then (5) gives 


ij k 
ixj=|1 0 0 i °li i lg ifs k 
ixj= = i= j = 
1 0 0 0 0 1 
0 1 0 
Pa 0 0 1 0 1 O 
d ixi=]1 0 O;J= i= jt k= 0. = 
. = ' of of 1 | 
1 0 0 
Proceeding as in Example 2, it is readily shown that 
ixj=k, jx k=i, k Xi=j, (6) 
jxi=-k, kxj=-i ixk=-j, (7) 
and ixi=0, jxj=9, kxk=0. (8) 


The results in (6) can be obtained using the circular mnemonic illustrated in FIGURE 7.4.1. Notice 
in (7), if we cross two basis vectors in the direction opposite to that shown in Figure 7.4.1, then 
we get the negative of the corresponding vector in (6). The results in (6), (7), and (8) are special 
cases of (ii) and (vi) in Theorem 7.4.1. 


I Properties The next theorem summarizes some of the important properties of the cross 
product. 


Theorem 7.4.1 Properties of the Cross Product 


(i) axXb=0 if a=0 or b=0 

(ii) axXb=-—bXa 

(iii) aX (b+ec)=(aXb)+(axc) < distributive law 
(iv) (a+b) Xc=(aXc)+(bXc) < distributive law 
(vy) aX (kb) = (ka) Xb=k(a Xb), kascalar 

(vi) aXa=0 

(vii) a: (aX b) =0 

(viii) b: (aX b) = 0 
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PROOF: All the properties can be proved directly from (4) and (5). To prove part (i), we let 
a = (0, 0, 0) = 0 and b = (h,, by, b;). Then from (5) 


ijk 
axXb=]0 0 0 
b, b; b; 


_|0 0 
by bs 


,_|2 0 
b, bs 


= [0(b3) — 0(b2)]i — [0(b3) — Ob] j + [0(b2) — Ob) Ik 
= 0i+ Oj + 0k = 0. 
To prove part (iii) we let a = (aj, d, a3), b = (by, by, b3), and ¢ = (C1, Co, C3). Then 


x (b +c) a a ok 
a C= 
bt+ec b +e 


' : 
bey Bch lbp ey. eee 


ay a3 2 | ay a3 


i+ 


= [(agb3 + ayc3) — (a3bz + a3Cr)]i — [(ayb3 + ayc3) — (a3b,) + agey)]j 
+ [(ayby + ayCz) — (aod, + ayc,)\k 
= (aob3 — azbo)i — (aby — agb,)j + (qb — anb))k 


+ (@oC3 — A3Co)i — (ayC3 — a3C))j + (Qycy — aye))k 


=(aXb)+ (aX c). = 


Because part (ii) of Theorem 7.4.1 indicates that the cross product is not commutative, there 
are two distributive laws in parts (iii) and (iv) of the theorem. 

Parts (vii) and (viii) of Theorem 7.4.1 deserve special attention. In view of Theorem 7.3.3 we 
see (vii) and (viii) imply that the vector a X b is orthogonal to a and that a X b is orthogonal 
to b. In the case when a and b are nonzero vectors, then a X b is orthogonal to every vector in 
the plane containing a and b. Put another way, 


a X bis orthogonal to the plane containing a and b. (9) 


You can see in Figure 7.4.1 and from the results in (6) that i X j is orthogonal to the plane of 
i and j; that is, the xy-plane, j X k is orthogonal to the yz-plane, and k X i is orthogonal to the 
xz-plane. 

The results in (6) and (7) give us a clue as to the direction in which the vector a X b points. 


Hi Right-Hand Rule The vectors a, b, and a X b form a right-handed system or a right- 
handed triple. This means that a X b points in the direction given by the right-hand rule: 


If the fingers of the right hand point along the vector a and then curl toward 


the vector b, the thumb will give the direction of a X b. (10) 


See FIGURE 7.4.2(a). In Figure 7.4.2(b), the right-hand rule shows the direction of b X a. 


right hand 


mie 
a 
Sy 


a 


eee PY 


5 


pb ‘ght hand 


a 
x 
~ 


(a) 


=> 
x 
~~ 


FIGURE 7.4.2 Right-hand rule 


Because a X b is a vector its magnitude ||a X bl| can be found from (vii) of Definition 7.2.1. 
As we see in the next theorem, ||a X bj] can also be expressed in terms of the angle @ between 
the vectors a and b. 


This more geometric form is 
generally used as the definition 
of the cross product in a physics 
course. 


Theorem 7.4.2 Magnitude of the Cross Product 


For nonzero vectors a and b, if @ is the angle between a and b (0 = 6 = 77), then 


||a X b]| = ||al|||b|| sin 6. (11) 


PROOF: We separately compute the squares of the left- and right-hand sides of equation (11) 
using the component forms of a and b: 


lla x b|? = (dpb; — azby)” + (a,b; — a3b,)° + (aby — ayb,)” 
= a5b3 — 2ayb,a3b, + a3b3 + aib} — 2a,b3a3b, + a3b7 
+ aib3 = 2a,b,azb, + axbi, 


((\all [b||sin )° 


al |[b||’ sin’ @ = |[all’ [bl — cos* 9) 
= all’ IIb|P — [lall’[[b|/’cos* @ = |lal|*||b|’ — @ - by” 


(ai + ay + a3)(by + b3 + b3) — (ayby + ayby + a3b3)° 


a3by — 2dyb,a3b3 + azb3 + ab} — 2a,b\a3b3 + a3b7 

+ ajb3 — 2aybyanby + ab}. 
Since both sides are equal to the same quantity, they must be equal to each other, so 

lla x bl = (lall||bl|sin oy”. 

Finally, taking the square root of both sides and using the fact that V sin? @ = sin @ since sin = 0 
for 0 < 6 S 7, we have ||a X b|| = |[al| ||b]| sin 6. = 
Il Alternative Form Combining (9), (10), and Theorem 7.4.2 we see for any pair of vectors 
a and b in R® that the cross product has the alternative form 
a X b = ((al|||b|]sin 4) n, (12) 


where n is a unit vector given by the right-hand rule that is orthogonal to the plane of a and b. 
Hi Parallel Vectors We saw in Section 7.1 that two nonzero vectors are parallel if and only 
if one is a nonzero scalar multiple of the other. Thus, two vectors are parallel if they have the 


forms a and ka, where a is any vector and k is a scalar. By properties (v) and (vi) in Theorem 
7.4.1, the cross product of parallel vectors must be 0. This fact is summarized in the next theorem. 


Theorem 7.4.3 Criterion for Parallel Vectors 


Two nonzero vectors a and b are parallel if and only if a X b = 0. 


Of course, Theorem 7.4.3 follows as well from (12) because the angle between parallel 
vectors a and b is either 6 = 0 or 6 = 7. 


| EXAMPLE3 | Parallel Vectors 


Determine whether a = 21 + j — k and b = —6i — 3j + 3k are parallel vectors. 
SOLUTION From the cross product 


ij k 
eepe lo “1 allel “hal * = Ae 
ae a oe a 

‘~G =y 4 


= 0i-— 0j + 0k =0 


and Theorem 7.4.3 we conclude that a and b are parallel vectors. 
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FIGURE 7.4.3 Areas of a parallelogram 
and a triangle 
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Hi Special Products The scalar triple product of vectors a, b, and cis a: (b X c). Using 
the component forms of the definitions of the dot and cross products, we have 


by b b, b b, b, 
ab xe= (ai taj+an| |? iam abe “| 
C © Cy C3 Cy 
by bs b, b; b, by 
= ay — a +a 
C2 3 Cy C3 C) C5 


Thus, we see that the scalar triple product can be written as a determinant of order 3: 


a G& a, 
a-(bXe)= |b, by D3}. (13) 
Cy Cy C3 
Using (4), (5), and (2) of Section 7.3 it can be shown that 
a: (bXc)=(aXb)-ce. (14) 


See Problem 61 in Exercises 7.4. 
The vector triple product of three vectors a, b, and c is 


a X (b X ce). 
The vector triple product is related to the dot product by 
a X (b X c) = (a: Ob — (a- be. (15) 
See Problem 59 in Exercises 7.4. 


Hi Areas Two nonzero and nonparallel vectors a and b can be considered to be the sides of a 
parallelogram. The area A of a parallelogram is 


A = (base) (altitude). 
From FIGURE 7.4.3(a) we see that A = ||b|| (||a|| sin 8) = ||al| ||b|| sin @ 
or A= |laX bl. (16) 
Likewise from Figure 7.4.3(b), we see that the area of a triangle with sides a and b is 
ae sla x bl (17) 


| EXAMPLE4 | Area of a Triangle 


Find the area of the triangle determined by the points P,(1, 1, 1), P,(2, 3, 4), and P(3, 0, —1). 


SOLUTION The vectors P,P, and P,P; can be taken as two sides of the triangle. Since 
P,P) =i+2j+ 3k and P,P; = i— 3j — 5k, we have 


eee * @. it S ft 2 
P,P, X P,P; = |1 2 3} =|_4 sh 1 5 +], a 
i =. 25 
= =14+ 8) -—5k. 


From (17) we see that the area is 


1 5. = 
A= i+ 8j—5k|| =—V/10. 
5 li + 8) — 5k || 5V 10 


Hi Volume of a Parallelepiped If the vectors a, b, and c do not lie in the same plane, 
then the volume of the parallelepiped with edges a, b, and c shown in FIGURE 7.4.4 is 


V = (area of base) (height) 


= ||b x el] [comp ca| 


1 
a:| ———__b X :)| 
(eal 


or V=|a-(bXo)|. (18) 


= ||b x el 


FIGURE 7.4.4 Parallelepiped formed by Thus, the volume of a parallelepiped determined by three vectors is the absolute value of the 
three vectors scalar triple product of the vectors. 


I Coplanar Vectors Vectors that lie in the same plane are said to be coplanar. We have 


y A : A : 
_-7F just seen that if the vectors a, b, and c are not coplanar, then necessarily a - (b X c) # 0, since 
\ the volume of a parallelepiped with edges a, b, and c has nonzero volume. Equivalently stated, 
\[E || sin o\ Q this means that if a - (b X c) = 0, then the vectors a, b, and ¢ are coplanar. Since the converse 
Le of this last statement is also true, we have: 
x a-(b X c) = 0 ifand only if a, b, and ¢ are coplanar. 
x 


[| Physical Interpretation of the Cross Product In physics a force F acting at the 
FIGURE 7.4.5 A force acting at the end end of a position vector r, as shown in FIGURE 7.4.5, is said to produce a torque 7 defined by 
of a vector 7 =r X F. Forexample, if |[F|| = 20N, ||r|| = 3.5 m, and 6 = 30°, then from (11), 


||z|| = (3.5)(20) sin 30° = 35 N-m. 


If F and r are in the plane of the page, the right-hand rule implies that the direction of 7 is outward 
from, and perpendicular to, the page (toward the reader). 

As we see in FIGURE 7.4.6, when a force F is applied to a wrench, the magnitude of the torque 
7 is a measure of the turning effect about the pivot point P and the vector 7 is directed along the 
axis of the bolt. In this case 7 points inward from the page. 


FIGURE 7.4.6 A wrench applying torque 
to a bolt 


REMARKS 


When working with vectors, one should be careful not to mix the symbols - and X with the 
symbols for ordinary multiplication, and to be especially careful in the use, or lack of use, of 
parentheses. For example, expressions such as 


axbxXc a-bXcec as:b-c 


are not meaningful or well-defined. 


| 7.4 Exercises Answers to selected odd-numbered problems begin on page ANS-15. 


In Problems:1=10, find a b. In Problems 11 and 12, find P,P, x P,P,. 
a a 11. P,(2,1,3), P3(0,3, -L), Px(—1, 2,4) 
le ld a 12. P\(0,0, 1), P2(0, 1,2), Px, 2,3) 
3. a> (1, =3, 1), b = (2, 0, 4) 
4. a=(1,1,1), b =(—5,2,3) In Problems 13 and 14, find a vector that is perpendicular to 
5. a= 2i-j+2k, b= -i+3j-k ease ee _ 
6. a= 4i+j—5k, b= 2i+ 3j—k 13. a= 21+ 7j — 4k, b=i+j-—k 
14. a=(-1, -2,4 = (4,-1 
7. a=(4,0,4), b= (4,6,0) oa pa Wier 
8. a = (0,5, 0), b = (2, —3, 4) In Problems 15 and 16, verify that a - (a * b) = 0 and 
& a= 2,2,—4), b=(=3,=3, 0) b- (aX b)=0. 
10. a= (8, 1, 6), b —_ (1, =2, 10) 15. a= (5, =2.. 1), b = (2, 0, —7) 
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1j, b= 2i—2j + 6k 
In Problems 17 and 18, (a) calculate b X c followed by 


a X (b X c), and (b) verify the results in part (a) by (15) 
of this section. 


16. a=>i 


17. a=i-j+ 2k 18. a = 3i — 4k 
b=2i+jt+k b=i+2j-—k 
e=3i+jtk c= —i+ 5j + 8k 


In Problems 19-36, find the indicated scalar or vector without 
using (5), (13), or (15). 


19. (2i) x j 20. i X (—3k) 

21. k X (2i — j) 22. i X (j Xk) 

23. [(2k) X (3j)] X (4j) 24. (2i-— j + 5k) Xi 
25. (i+ j) X (i+ 5k) 26. iXk — 2(j Xi) 
27. k-(j Xk) 28. i-[j X (—k)] 
29. ||4j — 5a x jl 30. (i Xj): By XD 
31. iX Gx j) 32. (iX j) Xi 

33. (i X i) Xj 34. (i- TG X j) 

35. 2j- [i X (j — 3k)] 36. (ix k) X (j Xi) 


In Problems 37-44, a X b = 44 — 3j + 6k andc = 21 + 4j — k. 
Find the indicated scalar or vector. 


37. a X (3b) 38. bXa 

39. (—a) Xb 40. ||a X bl| 

41. (aX b) Xe 42. (aXb)-e 
43. a: (b X c) 44. (4a): (b X c) 


In Problems 45 and 46, (a) verify that the given quadrilateral is a 
parallelogram, and (b) find the area of the parallelogram. 


45. 


x 


FIGURE 7.4.7 Parallelogram in Problem 45 


N 


46. 
(-2, 0, 3) 


x 


FIGURE 7.4.8 Parallelogram in Problem 46 


In Problems 47-50, find the area of the triangle determined 
by the given points. 

47. P,(1, 1,1), Po, 2, 1), P3(, 1, 2) 

48. P,(0, 0,0), P,(0, 1,2), P3(2, 2, 0) 

49. P,(1, 2,4), Pod, —1, 3), P3(-1, —-1, 2) 

50. P,(1, 0,3), P,(0, 0, 6), P3(2, 4, 5) 
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In Problems 51 and 52, find the volume of the parallelepiped for 

which the given vectors are three edges. 

51. a=i+j, b= —i+ 4j, c= 2i+ 2j + 2k 

52. a= 3i+jt+k, b=it+4j+k, c=i+j+5k 

53. Determine whether the vectors a = 4i + 6j, b = —2i + 6j — 6k, 
and e = 3i + 3j + 5k are coplanar. 

54. Determine whether the four points P,(1, 1, —2), P2(4, 0, —3), 
P3(1, —5, 10), and P4(—7, 2, 4) lie in the same plane. 

55. As shown in FIGURE 7.4.9, the vector a lies in the xy-plane and 
the vector b lies along the positive z-axis. Their magnitudes 
are ||a|| = 6.4 and ||b|| = 5. 
(a) Use Theorem 7.4.2 to find ||a x b||. 
(b) Use the right-hand rule to find the direction of a X b. 
(c) Use part (b) to express a X b in terms of the unit vectors 

i,j, and k. 


FIGURE 7.4.9 Vectors for Problem 55 


56. Two vectors a and b lie in the xz-plane so that the angle 
between them is 120°. If ||al]| = 27 and ||b|| = 8, find all 
possible values of a X b. 

57. A three-dimensional lattice is a collection of integer combina- 
tions of three noncoplanar basis vectors a, b, and c. In crystal- 
lography, a lattice can specify the locations of atoms in a 
crystal. X-ray diffraction studies of crystals use the “recipro- 
cal lattice” that has basis 


bXec _ ¢Xa aXb 
a:(b X c)’ b-(c¢ X a) c:(a X b) 


(a) A certain lattice has basis vectors a = i, b = j, and 


ce = 4(i+ j + k). Find basis vectors for the reciprocal 
lattice. 

(b) The unit cell of the reciprocal lattice is the parallelepiped 
with edges A, B, and C, while the unit cell of the original 
lattice is the parallelepiped with edges a, b, and c. Show 
that the volume of the unit cell of the reciprocal lattice is 
the reciprocal of the volume of the unit cell of the original 
lattice. [Hint: Start with B X C and use (15).] 


Discussion Problems 


58. Use (4) to prove property (iii) of the cross product. 

59. Prove a X (b X c) = (a: c)b — (a: b/c. 

60. Prove or disprove a X (b X c) = (a X b) Xe. 

61. Prove a: (b X c) = (a Xb) -e. 

62. Provea X (b X c) +b X (CX a) +e X (aX b) = 0. 
63. Prove Lagrange’s identity: 


lla x bl = all"[bI? — @- by’. 


64. Does a X b = a X c imply that b = c? 
65. Show that (a + b) X (a — b) = 2b X a. 


P(X, y, Z) 
Py(Xy Vo» 2) 


Pia, Jp Zz) 


£4 


FIGURE 7.5.1 Line through distinct points 
in 3-space 


Alternative forms of 
the vector equation. 
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INTRODUCTION 


in 3-space. 


In this section we discuss how to find various equations of lines and planes 


I| Lines: Vector Equation Asin the plane, any two distinct points in 3-space determine 
only one line between them. To find an equation of the line through P(x, y;, z,) and P3(%9, yo, Z2), 


let us assume that P(x, y, z) is any point on the line. In FIGURE 7.5.1, if r = OP, r, = OP,, and 
m= OP, we see that vector a = r, — r, 1s parallel to vector r — ry. Thus, 
r—r,=ft(r, —1r)). (1) 


If we write 


@ = Py — Py = We — M1, Ya — Vir Za — Zi) = (Gy Aa, A), (2) 


then (1) implies that a vector equation for the line &, is 
r=r,+ fa. 


The scalar ¢ is called a parameter and the nonzero vector a is called a direction vector; the 

components a), a, and a; of the direction vector a are called direction numbers for the line. 
Since r — r; is also parallel to £,, an alternative vector equation for the line is r = r, + fa. 

Indeed, r = r, + «(—a) andr = r, + t(ka), k a nonzero scalar, are also equations for &,. 


| EXAMPLE1 | Vector Equation of a Line 


Find a vector equation for the line through (2, —1, 8) and (5, 6, —3). 


SOLUTION Definea = (2 —5, — 1 — 6,8 — (—3)) = (—3, —7, 11). The following are three 
different vector equations for the line: 
(x, y, Z) = (2, —1, 8) + t(-3, -7, 11) (3) 
(%, 9,2) = 3, 6,3) 2 = 3, 7,11 (4) 


(x, y,z) = (5, 6, —3) + £(3, 7, —11). 


[| Parametric Equations By writing (1) as 
(5 Ys Z) = Ay + ty — 1), V2 + HY. — YW), Z + t( — 2) 
= (x) + ayt, Yo + At, Z + ast) 
and equating components, we obtain 


X=H+ at, yYHy+at 2=%mt+ ag. (6) 


The equations in (6) are called parametric equations for the line through P, and P3. As the 
parameter f increases from — co to oo, we can think of the point P(x, y, z) tracing out the entire 
line. If the parameter f¢ is restricted to a closed interval [f, f,], then P(x, y, z) traces out a line 
segment starting at the point corresponding to fj and ending at the point corresponding to f,. For 
example, in Figure 7.5.1, if —1 = + = 0, then P(x, y, z) traces out the line segment starting at 
P,(x, y1, Z;) and ending at P(%, Yo, Z2). 


| EXAMPLE2 | Parametric Equations of a Line 


Find parametric equations for the line in Example 1. 
SOLUTION From (3), it follows that 
x=2— 3t, 


y=-l-Tt, z=8+ 114 (7) 


An alternative set of parametric equations can be obtained from (5): 


x=5+3t, y=6+7t, z2z=—-3-I1It (8) = 
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PIG Vp %) 


x 


FIGURE 7.5.2 Line determined by a 
point P and vector a 
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Note that the value t = 0 in (7) gives (2, —1, 8), whereas in (8), t = — 1 must be used to obtain 
the same point. 


| EXAMPLE3 | Vector Parallel to a Line 


Find a vector a that is parallel to the line £, whose parametric equations are x = 4 + 9, 
y=—-14+54,z=1—- 36 


SOLUTION The coefficients (or a nonzero constant multiple of the coefficients) of the pa- 
rameter in each equation are the components of a vector that is parallel to the line. Thus, 


a = 9i + 5j — 3k is parallel to £, and hence is a direction vector of the line. = 
Hi Symmetric Equations From (6), observe that we can clear the parameter by writing 


ee a ee 
ay ay a3 


t= 


provided that the three direction numbers a, a, and a; are nonzero. The resulting equations 


X — Xo 


aw Ma eT (9) 
ay, ay a3 


are said to be symmetric equations for the line through P, and P). 


| EXAMPLE4 | Symmetric Equations of a Line 


Find symmetric equations for the line through (4, 10, —6) and (7, 9, 2). 


SOLUTION Define a, = 7 — 4 =3,a,=9 — 10 = —1, anda, = 2 — (—6) = 8. It follows 
from (9) that symmetric equations for the line are 


KH T yD Zz=-2 
3 -1 8 


If one of the direction numbers a, a), or a; is zero in (6), we use the remaining two equations 
to eliminate the parameter ¢. For example, if a, = 0, a, # 0, a; # 0, then (6) yields 


_ 27 y2 ZT %2 


X=x, and f¢ = 
ay a3 


In this case, xX =X, 


are symmetric equations for the line. 


| EXAMPLE5 — | Symmetric Equations of a Line 


Find symmetric equations for the line through (5, 3, 1) and (2, 1, 1). 


SOLUTION Define a, = 5 — 2 =3,a,=3 — 1 =2, anda, = 1 — 1 = 0. From the preced- 
ing discussion, it follows that symmetric equations for the line are 


= 7. 
3 8 


In other words, the symmetric equations describe a line in the plane z = 1. = 


A line in space is also determined by specifying a point P)(x), y,, z,) and a nonzero direction 
vector a. Through the point P,, there passes only one line &, parallel to the given vector. If 
P(x, y, Z) is a point on the line £,, shown in FIGURE 7.5.2, then, as before, 


—_ —> 
OP —OP,=ta or r=r,+t+fa. 


| EXAMPLE6 | Line Parallel to a Vector 


Write vector, parametric, and symmetric equations for the line through (4, 6, —3) and parallel 
toa = 5i — 10j + 2k. 


SOLUTION With a, = 5, a, = —10, and a, = 2 we have immediately 


Vector: (x, y, z) = (4, 6, —3) + «5, —10, 2) 
Parametric: x=4+5t, y=6-10f, z=-3+4+2t 
x-4 y-6 7+3 

5 —10 2. 


Symmetric: 


[| Planes: Vector Equation FIGURE 7.5.3(a) illustrates the fact that through a given point 
P(x, y,, Z;) there pass an infinite number of planes. However, as shown in Figure 7.5.3(b), if a 
point P, and a vector n are specified, there is only one plane Y containing P, with n normal, or 
perpendicular, to the plane. Moreover, if P(x, y, z) is any point on 9, and r = OP, r= OP,, 
then, as shown in Figure 7.5.3(c), r — r, is in the plane. It follows that a vector equation of the 
plane is 


n-(r—r,)=0. (10) 


q N °7, 9 


n 
r=-fF 


1 
(a) (b) (c) 


FIGURE 7.5.3 Vector n is perpendicular to a plane 


[| Cartesian Equation Specifically, if the normal vector is n = ai + bj + ck, then (10) 
yields a Cartesian equation of the plane containing P,(x,, y;, Z,): 


alx= 2%) PbO = yy) + ee — |) = 0. (11) 


Equation (11) is sometimes called the point-normal form of the equation of a plane. 


Equation of a Plane 


Find an equation of the plane with normal vector n = 2i + 8j — 5k containing the point 
(4, —1, 3). 


SOLUTION = It follows immediately from the point-normal form (11) that an equation of the 
plane is 2(x — 4) + 8G + 1) — 5(@@ — 3) = Oor 2x + 8y — 5z+ 15 =0. = 


Equation (11) can always be written as ax + by + cz + d= Oby identifying d = —ax, — by, — cz). 
Conversely, we shall now prove that any linear equation 


ax + by+cz+d=0, a,b,c notall zero (12) 


is a plane. 


Theorem 7.5.1 Plane with Normal Vector 


The graph of any equation ax + by + cz + d = 0, a, b, c not all zero, is a plane with the 
normal vector n = ai + bj + ck. 
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PROOF: Suppose xo, yo, and zy are numbers that satisfy the given equation. Then, axy + byy + 
czy + d = 0 implies that d = —axy — by) — cz. Replacing this latter value of d in the original 
equation gives, after simplifying, a(x — x9) + b(y — yo) + c(z — Z) = 0, or, in terms of vectors, 


[ai + bj + ck] - [(& — x) + (y — Yo) J + C — Zk] = 0. 


This last equation implies that ai + bj + ck is normal to the plane containing the point (Xo, Yo, Zo) 


and the vector (x — xo)i + (y — yo)j + (z — Z)k. = 


| EXAMPLES | 8 A Vector Normal to a Plane 


(r, —1,) X (3-1) A vector normal to the plane 3x — 4y + 10z — 8 = Oisn = 3i — 4j + 10k. = 


Of course, a nonzero scalar multiple of a normal vector is still perpendicular to the plane. 

Three noncollinear points P,;, P;, and P; also determine a plane.* To obtain an equation of the 
plane, we need only form two vectors between two pairs of points. As shown in FIGURE 7.5.4, their 
cross product is a vector normal to the plane containing these vectors. If P(x, y, z) represents any 
point on the plane, andr = OP,r, = OP,, r, = OP;,r; = OP;, thenr — r, (or, for that matter, 
r — r, orr — r;) is in the plane. Hence, 


[@ —r)) X 3 —r)]-@-r) =0 (13) 


is a vector equation of the plane. Do not memorize the last formula. The procedure is the same 
FIGURE 7.5.4 Vectorsr,—r,andr;—r, — as (10) with the exception that the vector n normal to the plane is obtained by means of the cross 
are in the plane, and their cross product is product. 


normal to the plane 
| EXAMPLES | Three Points That Determine a Plane 


Find an equation of the plane that contains (1, 0, —1), (3, 1, 4), and (2, —2, 0). 


SOLUTION We need three vectors. Pairing the points on the left as shown yields the vectors 
on the right. The order in which we subtract is irrelevant. 


(1, 0, -1) — BLL... (2, -2, 0) 
= 2i + j + 5k, =i+ 3j + 4k, = — 2 + + 2)j + zk. 
oat avs Pe ae ee SP A ae 
ij k 
Now, uxv=/]2 1 5) =—-1li-3j+5k 
1 3 4 


is a vector normal to the plane containing the given points. Hence, a vector equation of the 
plane is (u X v)- w = 0. The latter equation yields 


-11(¢-—2)-—3(y+2)+5z=0 or —llx—3y+5z+16=0. = 


I Graphs The graph of (12) with one or even two variables missing is still a plane. For 
example, we saw in Section 7.2 that the graphs of 


X =X, YY % > Xo» 


where Xo, yo, Zo are constants, are planes perpendicular to the x-, y-, and z-axes, respectively. In 
general, to graph a plane, we should try to find 


(i) the x-, y-, and z-intercepts and, if necessary, 
(ii) the trace of the plane in each coordinate plane. 


A trace of a plane in a coordinate plane is the line of intersection of the plane with a coordinate 
plane. 


*If you ever sit at a four-legged table that rocks, you might consider replacing it with a three-legged table. 
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sll | EXAMPLE 10__| Graph of a Plane 


2x + 3y4+6c= 181 Graph the equation 2x + 3y + 6z = 18. 

SOLUTION Setting: y=0,z=0 gives x=9 
x=0,z=0 gives y=6 
x=0,y=0 gives z=3 


As shown in FIGURE 7.5.5, we use the x-, y-, and z-intercepts (9, 0, 0), (0, 6, 0), and (0, 0, 3) to 
draw the graph of the plane in the first octant. = 


FIGURE 7.5.5 Plane in Example 10 | EXAMPLE 11 | Graph of a Plane 


Graph the equation 6x + 4y = 12. 


SOLUTION Intwo dimensions, the graph of the equation is a line with x-intercept (2, 0) and 
y-intercept (3, 0). However, in three dimensions, this line is the trace of a plane in the xy- 
coordinate plane. Since z is not specified, it can be any real number. In other words, (x, y, z) 
is a point on the plane provided that x and y are related by the given equation. As shown in 


6x + 4y = 12 


ee y FIGURE 7.5.6, the graph is a plane parallel to the z-axis. = 
. BSCS Graph of a Plane 
FIGURE 7.5.6 Plane in Example 11 Graph the equation x + y — z = 0. 


z 


SOLUTION First observe that the plane passes through the origin (0, 0, 0). Now, the trace 
of the plane in the xz-plane (y = 0) is z = x, whereas its trace in the yz-plane (x = 0) is z = y. 


| 
| 
| Drawing these two lines leads to the graph given in FIGURE 7.5.7. = 
| 


x+y-z=0 
Two planes ?, and Y, that are not parallel must intersect in a line £. See FIGURE 7.5.8. 
ae Example 13 will illustrate one way of finding parametric equations for the line of intersection. 


FIGURE 7.5.7 Plane in Example 12 In Example 14 we shall see how to find a point of intersection (Xp, yo, Zo) of a plane P and a 
line £. See FIGURE 7.5.9. 


| EXAMPLE 13__| Line of Intersection of Two Planes 


Find parametric equations for the line of intersection of 


2x —3y + 4z=1 
x-y-z=5. 


SOLUTION Ina system of two equations and three unknowns, we choose one variable arbi- 
trarily, say z = f, and solve for x and y from 


2x —3y=1-4t 
x- y=5t+t. 


Proceeding, we find x = 14 + 7t, y = 9 + 61, z = t. These are parametric equations for the 


line of intersection of the given planes. = 


| EXAMPLE 14__| Point of Intersection of a Line and a Plane 


Find the point of intersection of the plane 3x — 2y + z = —5 and the line x = 1+4, 
y=-24+2t,z= 41. 


FIGURE 7.5.9 Point of intersection of 
a plane and a line 


SOLUTION If (%, yo, Z) denotes the point of intersection, then we must have 3x) — 2y9 + Z = 
—S5 and xy = 1 + f, vp = —2 + 26, Z = 4to, for some number fp. Substituting the latter equa- 
tions into the equation of the plane gives 


3(1 +) —2(-2 +24) + 44=-5 of = —4. 


From the parametric equations for the line, we then obtain x) = —3, yy) = —10, and z) = — 16. 
The point of intersection is (—3, —10, —16). 
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REMARKS 


In everyday speech, the words orthogonal, perpendicular, and normal are often used 
interchangeably in the sense that two objects touch, intersect, or abut at a 90° angle. But in 


recent years an unwritten convention has arisen to use these terms in specific mathematical 
contexts. As a general rule, we say that two vectors are orthogonal, two lines (or two planes) 
are perpendicular, and that a vector is normal to a plane. 


| 7.5 Exercises Answers to selected odd-numbered problems begin on page ANS-15. 


In Problems 1-6, find a vector equation for the line through the 
given points. 

1. 1, 2, 1, G, 5, —2) 

3% G, —2, 1), (2,3, —2) 


5. (1, 1, -1), (-4, 1, -1l) 


2. (0, 4,5), (—2, 6, 3) 
4. (10, 2, —10), (5, —3, 5) 
6. G,2,0,61,=2) 
In Problems 7—12, find parametric equations for the line through 
the given points. 
7. (2, 3, 5), (6, —1, 8) 
9. (1, 0, 0), (3, —2, —7) 
11. (4,3,3)(-6, 4,6 


8. (2, 0,0), (0, 4, 9) 
10. (0, 0, 5), (—2, 4, 0) 
12. (=3,7, 9), 4, =8,=1) 


In Problems 13-18, find symmetric equations for the line 
through the given points. 


13. (1,4, —9), (10, 14, —2) 
15. (4, 2, 1), (-7, 2, 5) 
17. (5, 10, —2), (5, 1, —14) 


4. €.06=7443.5) 
16. (=5, 22; —4), d, 1, 2) 


18. (5,-3.3), G & ~ 70) 
In Problems 19-22, find parametric and symmetric equations for 
the line through the given point parallel to the given vector. 


19. (4,6, —7), a = (3, 3, —3) 

20. (1,8, —2), a= —7i — 8j 

21. (0,0,0), a = 5i+ 9j + 4k 

22. (0, —3, 10), a = (12, —5, —6) 

23. Find parametric equations for the line through (6, 4, —2) that 
is parallel to the line x/2 = (1 — y)/3 = (z — 5)/6. 

24. Find symmetric equations for the line through (4, —11, —7) 
that is parallel to the line x = 2 + 54, y = —1 + $t,z=9 —2t. 

25. Find parametric equations for the line through (2, —2, 15) that 
is parallel to the xz-plane and the xy-plane. 

26. Find parametric equations for the line through (1, 2, 8) that 
is (a) parallel to the y-axis, and (b) perpendicular to the 
xy-plane. 

27. Show that the lines given by r = r(1, 1, 1) andr = (6, 6, 6) + 
«—3, —3, —3) are the same. 

28. Let £, and &, be lines with direction vectors a and b, 
respectively. £, and &, are orthogonal if a and b are orthogonal 
and parallel if a and b are parallel. Determine which of the 
following lines are orthogonal and which are parallel. 

(a) r= (1,0, 2) + (9, —12, 6) 

(b) x=14+ 914, y= 124, z=2-6t 
(c) x=2t, y= —-3t, z=4t 

(d) x=54+t, y=4t, c=343t 
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(e) x=14+4, y=3t2=2-Ht 
xt+1l yt6 7-3 
(f) = = 
=3 4 =2 
In Problems 29 and 30, determine the points of intersection of 
the given line and the three coordinate planes. 


29. x=4-2t, y=14+2t, z=9+3t 
x-1l yr2 72-4 
2 3 2 


In Problems 31—34, determine whether the given lines intersect. 
If so, find the point of intersection. 


31. x=4+4+24, y=H=5+427=-14+2t 
x=6+ 2s, y=11+4s, z=-3+5 
32. x=14+t, y=2-t, z= 3t 
x=2-s, y=1+5, z=6s 
33. x=2-t y=3+4z=1+t+t 
x=4+5, y=1+s5, z=1-s 
34. x=3-1t, y=24+14, 2=842t 
x=2+4+ 2s, y= —-24+ 3s, z= —-2+ 85 
The angle between two lines £, and &, is the angle between 
their direction vectors a and b. In Problems 35 and 36, find the 
angle between the given lines. 


35. x=4-t, y=34+2t, z= —-2t 
x=5+4+ 2s, y=1+3s, z=5— 6s 
£2) 9S 2) oo 9 a2 

2 7 -1’ = * *'4 
In Problems 37 and 38, the given lines lie in the same plane. 
Find parametric equations for the line through the indicated 
point that is perpendicular to this plane. 


372. x=34+4 yH-2+t,27=9+8t 


x=1-2s, y=5+5, z= —-2-—5s; (4,1,6) 
x yt Z 


30. 


36. 


38. 
3 2 4 
x+4 y-6 72-10 
= = * (1; =1,0 
6 4 8 ( ) 


In Problems 39-44, find an equation of the plane that contains 
the given point and is perpendicular to the indicated vector. 


39. (5, 1,3); 2i— 3 + 4k 
40. (1,2,5); 4i— 2j 

M1. (6, 10, —7); —5i+ 3k 
42. (0, 0,0); 6i-j+3k 


43. (5,3, — 2); 6i + 8j — 4k 
44. (—1, 1,0); -it+j—k 


In Problems 45-50, find, if possible, an equation of a plane that 
contains the given points. 


45. (3,5, 2), (2,3, 1), (-1,-1,4) 
46. (0, 1,0), (0,1, 1), 3, -D 
47. (0,0,0), G,1, 1, (3,2, -D 
48. (0, 0, 3), (0, —1, 0), (0, 0, 6) 
49. (1,2, -1), (4,3, 1), (7, 4, 3) 
50. (2, 1,2), (4, 1,0), (5,0, —5) 


In Problems 51-60, find an equation of the plane that satisfies 
the given conditions. 


51. Contains (2, 3, —5) and is parallel tox + y — 4z = 1 
52. Contains the origin and is parallel to 5x — y + z= 6 
53. Contains (3, 6, 12) and is parallel to the xy-plane 
54. Contains (—7, —5, 18) and is perpendicular to the y-axis 
55. Contains the linesx = 1+ 3, y=1-t,z=2 +56; 
x=4+4s,y=2s,z=3+5 
=] yt oe =A 
=1 6° 


x 
56. Contains the lines 


r=(1,—-1,5) + ¢(1, 1, —3) 

57. Contains the parallel linesx =1+t,y=1+24,,2=3+6 
x=3+5,y=2s,z=—-2+5 

58. Contains the point (4, 0, —6) and the line x = 31, y = 2t, 


z=-—2t 
59. Contains (2, 4, 8) and is perpendicular to the line x = 10 — 3t, 
y=5+t72=6-7 


60. Contains (1, 1, 1) and is perpendicular to the line through 
(2, 6, —3) and (1, 0, —2) 

61. Let P, and Y, be planes with normal vectors n, and ny, 
respectively. #,; and ¥, are orthogonal if n,; and n, are 
orthogonal and parallel if n, and n, are parallel. Determine 
which of the following planes are orthogonal and which 
are parallel. 

(a) 2x-y+3z=1 (b) x + 2y + 2z=9 
(c) xt y—3z2=2 (d) —5x+ 2y + 4z=0 
(e) —8x — 8y + 12z=1(f) -2x+y-—3z=5 

62. Find parametric equations for the line that contains (—4, 1, 7) 

and is perpendicular to the plane —7x + 2y + 3z= 1. 


63. Determine which of the following planes are perpendicular 
to the linex = 4 —- 64,y=1+4+9t,7=2 + 32. 
(a) 4x +y+2z=1 (b) 2x -3y+z=4 
(c) 10x — 15y —5z=2 (d) —4x + 6y + 27 =9 

64. Determine which of the following planes are parallel to the 
line 1 — x)/2 = (t+ 2)/4=z-5. 
(a) x-y+3z=1 (b) 6x — 3y = | 
(c) x- 2y+5z=0 (d) —2x+ y-—2z=7 


In Problems 65-68, find parametric equations for the line of 
intersection of the given planes. 


65. 5x — 4y — 9z = 8 66. 
x+ 4y + 3z=4 3x- yt2z=1 
67. 4x -—2y- z=1 68. 2x-—S5y+ z=0 
x+ y+2z=1 y =0 


x+2y- z=2 


In Problems 69-72, find the point of intersection of the given 
plane and line. 


69. 2x —3y + 2z= -7; x=14+2t, y=2-1t, z= —3t 
70. xt+y+4z=12; x=3-24, y=14+6t,2=2-3t 
MN. xty-z=8 x=1, y=2,z=1+t 

72. x-—3y+2z=0; x =4+4, y=2+4, z=14+5t 


In Problems 73 and 74, find parametric equations for the line 
through the indicated point that is parallel to the given planes. 


B. x+y-—4z=2 

2x-y+ z=10; (6,6, -—12) 
74. 2x + z=0 

—x + 3y+z=1; (-—3,5,-1) 


In Problems 75 and 76, find an equation of the plane that con- 
tains the given line and is orthogonal to the indicated plane. 


. x=44+3t, y=-4, 2z=147+55h x+y+72=7 


2-x yt2 z—8 
76. = = ; 2x — 4y 
a 2) 2, 


z+ 16=0 


In Problems 77-82, graph the given equation. 
77. 5x + 2y+z= 10 78. 3x +2z=9 


79. —y—3z+6=0 80. 3x + 4y — 2z- 12 =0 
81. —x+2y+z=4 82. x-y—1=0 


76 | Vector Spaces 


INTRODUCTION 


In the preceding sections we were dealing with points and vectors in 2- and 


3-space. Mathematicians in the nineteenth century, notably the English mathematicians Arthur 
Cayley (1821-1895) and James Joseph Sylvester (1814-1897) and the Irish mathematician 
William Rowan Hamilton (1805-1865), realized that the concepts of point and vector could 
be generalized. A realization developed that vectors could be described, or defined, by analytic 
rather than geometric properties. This was a truly significant breakthrough in the history of 
mathematics. There is no need to stop with three dimensions; ordered quadruples (a), >, 43, 4), 


quintuples (a), a), a3, a4, as), and n-tuples (a), d),... 


, d,) of real numbers can be thought of as 


vectors just as well as ordered pairs (a), a>) and ordered triples (a), a>, a3); the only difference 
being that we lose our ability to visualize directed line segments or arrows in 4-dimensional, 
5-dimensional, or n-dimensional space. 
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Il n-Space In formal terms, a vector in n-space is any ordered n-tuple a = (a), dy, ..., d,) of 
real numbers called the components of a. The set of all vectors in n-space is denoted by R”. The 
concepts of vector addition, scalar multiplication, equality, and so on, listed in Definition 7.2.1 
carry over to R” in a natural way. For example, if a = (a), ad,..., a,) and b = (by, bo,..., b,), 
then addition and scalar multiplication in n-space are defined by 


a+b= (ay + by, ay + bo, ..., dy + b,) and ka = (kay, Kap, ..., ka,). (1) 
The zero vector in R” is 0 = (0, 0,..., 0). The notion of length or magnitude of a vector 
a = (dj, do,..., d,) in n-space is just an extension of that concept in 2- and 3-space: 


llall = Va? + ad +--+ a. 
The length of a vector is also called its norm. A unit vector is one whose norm is 1. For a nonzero 
vector a, the process of constructing a unit vector u by multiplying a by the reciprocal 


of its norm, that is, u = ——~a, is referred to as normalizing a. For example, if a = (3, 1, 2, — 1), 


lal 


then lal] = V3? + 1? + 2? + (—1)? = V15 and a unit vector is 


1 ( 3 1 2 1 ) 
— a= ? > > . 
Vi15 V1I5 V1I5 VI5— V15 
The standard inner product, also known as the Euclidean inner product or dot product, 
of two n-vectors a = (aj, d,..., d,) and b = (by, bo, ..., b,) is the real number defined by 


a: b= (ay, 095 os Ay) : (by, er b,,) = a,b, + Ayb a: aD). (2) 


Two nonzero vectors a and b in R” are said to be orthogonal if and only if a - b = 0. For 
example, a = (3, 4, 1, —6) and b = (1, 5, 1, 1) are orthogonal in R* sincea:b =3-1+4-5+4 
1-1+(-6):1=0. 


[| Vector Space Wecan even go beyond the notion of a vector as an ordered n-tuple in R". A 
vector can be defined as anything we want it to be: an ordered n-tuple, a number, an array of numbers, 
or even a function. But we are particularly interested in vectors that are elements in a special kind 
of set called a vector space. Fundamental to the notion of vector space are two kinds of objects, 
vectors and scalars, and two algebraic operations analogous to those given in (1). For a set of vec- 
tors we want to be able to add two vectors in this set and get another vector in the same set, and we 
want to multiply a vector by a scalar and obtain a vector in the same set. To determine whether a 
set of objects is a vector space depends on whether the set possesses these two algebraic operations 
along with certain other properties. These properties, the axioms of a vector space, are given next. 


Definition 7.6.1 Vector Space 


Let V be a set of elements on which two operations called vector addition and scalar multiplication 
are defined. Then Vis said to be a vector space if the following 10 properties are satisfied. 


Axioms for Vector Addition: 
(@) Ifxandyarein V, thenx + yisin V. 


@i) Forallx,yinV,x +y=y+x. < commutative law 
(iii) Forallx,y,zinV,x+(y+z)=(x+y) +z. < associative law 
(iv) There is a unique vector 0 in V such that 

0+x=x+0=x. < zero vector 
(v) For each x in V, there exists a vector —x such that 

x + (—x) = (-—x) + x = 0. < negative of a vector 


Axioms for Scalar Multiplication: 

(vi) Ifkis any scalar and x is in V, then kx is in V. 

(vii) k(x + y) = kx + ky < distributive law 
(viii) (k, + ky)x = kx + kx < distributive law 
(ix) ky(kyx) = (ky ka)x 

(Gs) ee xe x 


In this brief introduction to abstract vectors we shall take the scalars in Definition 7.6.1 to be 
real numbers. In this case V is referred to as a real vector space, although we shall not belabor this 
term. When the scalars are allowed to be complex numbers we obtain a complex vector space. 
Since properties (i)—(viii) on page 352 are the prototypes for the axioms in Definition 7.6.1, it is 
clear that R’ is a vector space. Moreover, since vectors in R® and R” have these same properties, 
we conclude that R? and R” are also vector spaces. Axioms (i) and (v7) are called the closure 
axioms and we say that a vector space V is closed under vector addition and scalar multiplication. 
Note, too, that concepts such as length and inner product are not part of the axiomatic structure 
of a vector space. 


| EXAMPLE1 | Checking the Closure Axioms 


Determine whether the sets (a) V = {1} and(b) V = {0} under ordinary addition and mul- 
tiplication by real numbers are vector spaces. 


SOLUTION (a) For this system consisting of one element, many of the axioms given in 
Definition 7.6.1 are violated. In particular, axioms (7) and (vi) of closure are not satisfied. 
Neither the sum | + 1 = 2 nor the scalar multiple k- 1 = k, fork # 1, is in V Hence Vis 
not a vector space. 

(b) In this case the closure axioms are satisfied since 0 + 0 = 0 andk - 0 = 0 for any real 
number k. The commutative and associative axioms are satisfied since 0 + 0 = 0 + 0 and 
0 + (0 + 0) = (0 + 0) + O. In this manner it is easy to verify that the remaining axioms are 


also satisfied. Hence V is a vector space. = 


The vector space V = {0} is often called the trivial or zero vector space. 

If this is your first experience with the notion of an abstract vector, then you are cautioned 
to not take the names vector addition and scalar multiplication too literally. These operations 
are defined and as such you must accept them at face value even though these operations may 
not bear any resemblance to the usual understanding of ordinary addition and multiplication in, 
say, R, R’, R?, or R". For example, the addition of two vectors x and y could be x — y. With this 
forewarning, consider the next example. 


| EXAMPLE2 | An Example of a Vector Space 


Consider the set V of positive real numbers. If x and y denote positive real numbers, then we 
write vectors in V as x = x and y = y. Now, addition of vectors is defined by 


x+y=xy 
and scalar multiplication is defined by 
oe ae 
Determine whether V is a vector space. 
SOLUTION We shall go through all ten axioms in Definition 7.6.1. 


(i) Forx=x>Oandy=y>0,x+ y=xy > 0. Thus, the sum x + y is in V; Vis 
closed under addition. 
(ii) Since multiplication of positive real numbers is commutative, we have for all 
x =xandy = yinV,x + y =xy = yx =y + x. Thus, addition is commutative. 
(ii) Forallx =x,y=y,z=zinV, 
x + (y + 2) = x02) = Gy = (x +y) +z. 
Thus, addition is associative. 


(iv) Sincel +x = lx =x=xandx+1=-x1 =x =x, the zero vector 0 is 1 = 1. 


1 
(v) If we define —x = 7 then 


1 1 
x + ( x) =x = 1=1= Oand( x) tx=Tx=1l=1=0. 


Therefore, the negative of a vector is its reciprocal. 
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(vi) Ifkis any scalar and x = x > 0 is any vector, then kx = x* > 0. Hence V is closed 
under scalar multiplication. 
(vil) If kis any scalar, then 


k(x + y) = (xy) = xk = kx + ky. 
(viii) For scalars k, and k», 
(ky + yx = x%*%= yh yh= kx + Ix. 
(ix) For scalars k, and ky, 
ky (kox) = (x)= x8 = (kk). 


(x) Ix=x'=x=x. 
Since all the axioms of Definition 7.6.1 are satisfied, we conclude that Vis a vector space. = 


Here are some important vector spaces—we have mentioned some of these previously. The 
operations of vector addition and scalar multiplication are the usual operations associated with 
the set. 


¢ The set R of real numbers 

¢ The set R? of ordered pairs 

¢ The set R? of ordered triples 

¢ The set R” of ordered n-tuples 

¢ The set P,, of polynomials of degree less than or equal to n 

¢ The set P of all polynomials 

e The set of real-valued functions f defined on the entire real line 

¢ The set C[a, b] of real-valued functions f continuous on the closed interval [a, b] 

e The set C(— co, co) of real-valued functions f continuous on the entire real line 

¢ The set C"[a, b] of all real-valued functions f for which f, f’, f”,..., f exist and are 
continuous on the closed interval [a, b] 


Hi Su bspace It may happen that a subset of vectors W of a vector space V is itself a vector 
space. 


Definition 7.6.2 Subspace 


If a subset W of a vector space V is itself a vector space under the operations of vector addition 
and scalar multiplication defined on V, then W is called a subspace of V. 


Every vector space V has at least two subspaces: V itself and the zero subspace {0}; {0} is a 
subspace since the zero vector must be an element in every vector space. 

To show that a subset W of a vector space V is a subspace, it is not necessary to demonstrate 
that all ten axioms of Definition 7.6.1 are satisfied. Since all the vectors in W are also in V, these 
vectors must satisfy axioms such as (ii) and (iii). In other words, W inherits most of the proper- 
ties of a vector space from V. As the next theorem indicates, we need only check the two closure 
axioms to demonstrate that a subset W is a subspace of V. 


Theorem 7.6.1 Criteria for a Subspace 


A nonempty subset W of a vector space V is a subspace of V if and only if W is closed under 
vector addition and scalar multiplication defined on V: 

(i) Ifxandy are in W, thenx + yisinW. 

(ii) Ifxis in Wand kis any scalar, then kx is in W. 


| EXAMPLE3 | A Subspace 


Suppose f and g are continuous real-valued functions defined on the entire real line. Then we 
know from calculus that f + g and kf, for any real number k, are continuous and real-valued 
functions. From this we can conclude that C(—0o, oo) is a subspace of the vector space of 


real-valued functions defined on the entire real line. = 


| EXAMPLE4 | A Subspace 


The set P,, of polynomials of degree less than or equal to n is a subspace of C(— 00, 00), the 


set of real-valued functions continuous on the entire real line. = 


It is always a good idea to have concrete visualizations of vector spaces and subspaces. The 
subspaces of the vector space R° of three-dimensional vectors can be easily visualized by think- 
ing of a vector as a point (a), a, a). Of course, {0} and R° itself are subspaces; other subspaces 
are all lines passing through the origin, and all planes passing through the origin. The lines and 
planes must pass through the origin since the zero vector 0 = (0, 0, 0) must be an element in 
each subspace. 

Similar to Definition 3.1.1 we can define linearly independent vectors. 


Definition 7.6.3 Linear Independence 


A set of vectors {X,, X>,..., X, } is said to be linearly independent if the only constants satis- 
fying the equation 


K,X, + kx, + °° + kx, =0 (3) 


are k, = k, = ++: =k, = 0. If the set of vectors is not linearly independent, then it is said to 
be linearly dependent. 


In R°, the vectors i = (1, 0, 0), j = (0, 1, 0), and k = (0, 0, 1) are linearly independent since 
the equation k,i + k,j + kk = 0 is the same as 


kA, 0, 0) ar k,0, 1, 0) + k(0, 0, 1) = (0, 0, 0) or (ki, kp, ks) -_ (0, 0, 0). 


By equality of vectors, (iii) of Definition 7.2.1, we conclude that k, = 0, k, = 0, and k; = 0. In 
Definition 7.6.3, linear dependence means that there are constants k,, ky, ... , k, not all zero such 
that k;x, + kx, + ++: + k,x, = 0. For example, in R? the vectors a = (1, 1, 1), b = (2, —1, 4), 
and c = (5, 2, 7) are linearly dependent since (3) is satisfied when k, = 3, k, = 1, and k; = —1: 


3(1, 1, 1) + (2, -1, 4) — (5,2,7) =(0,0,0) or 3at+b—c=0. 


We observe that two vectors are linearly independent if neither is a constant multiple of the 
other. 


Hi Basis Any vector in R? can be written as a linear combination of the linearly independent 
vectors i, j, and k. In Section 7.2, we said that these vectors form a basis for the system of three- 
dimensional vectors. 


Definition 7.6.4 | Basis for a Vector Space 


Consider a set of vectors B = {x,, X,,..., X,} in a vector space V. If the set B is linearly 
independent and if every vector in V can be expressed as a linear combination of these vectors, 
then B is said to be a basis for V. 


[| Standard Bases Although we cannot prove it in this course, every vector space has a basis. 
The vector space P,, of all polynomials of degree less than or equal to 7 has the basis {1, x, x”,...,"} 
since any vector (polynomial) p(x) of degree n or less can be written as the linear combination 
p(x) = c,x" + +++ + cox" + cyx + co. A vector space may have many bases. We mentioned previ- 
ously the set of vectors {i, j, k} is a basis for R°. But it can be proved that {u,, uy, u;}, where 


U, = (1, 0, 0), u, = (1, 1, 0), u; = (1, 1, 1) 


is a linearly independent set (see Problem 23 in Exercises 7.6) and, furthermore, every vector 
a = (qd, do, a3) can be expressed as a linear combination a = c,u, + coy + C303. Hence, the set 
of vectors {u), Uy, Us} is another basis for R*. Indeed, any set of three linearly independent vec- 
tors is a basis for that space. However, as mentioned in Section 7.2, the set {i, j, k} is referred to 
as the standard basis for R*. The standard basis for the space P,, is {1, x, x°,..., x"}. For the 
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several times. 
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vector space R”, the standard basis consists of the n vectors 


e, = (1,0,0,...,0), e, = (0, 1,0,...,0), ..., e, = (0, 0,0,..., 1). (4) 

If Bis a basis for a vector space V, then for every vector v in V there exist scalars c,,i = 1,2,...,n 
such that 

V = CiX) + EX, +°°° + C,X). (5) 


The scalars c;, i = 1, 2,...,”, in the linear combination (5) are called the coordinates of v relative 


to the basis B. In R”, the n-tuple notation (a), a>, ..., @,,) for a vector a means that real numbers 
a), dy, ..., a, are the coordinates of a relative to the standard basis with e,’s in the precise order 
given in (4). 


[| Dimension Ifavector space V has a basis B consisting of n vectors, then it can be proved 
that every basis for that space must contain n vectors. This leads to the next definition. 


Definition 7.6.5 Dimension of a Vector Space 


The number of vectors in a basis B for a vector space V is said to be the dimension of the 
space. 


| EXAMPLE5 — | Dimensions of Some Vector Spaces 


(a) In agreement with our intuition, the dimensions of the vector spaces R, R?, R?, and R” 
are, in turn, 1, 2, 3, and n. 

(b) Since there are n + | vectors in the standard basis B = {1, x, eee x"}, the dimension 
of the vector space P,, of polynomials of degree less than or equal ton isn + 1. 

(c) The zero vector space {0} is given special consideration. This space contains only 0 
and since {0} is a linearly dependent set, it is not a basis. In this case it is customary to take 


the empty set as the basis and to define the dimension of {0} as zero. = 


If the basis of a vector space V contains a finite number of vectors, then we say that the vector 
space is finite dimensional; otherwise it is infinite dimensional. The function space C"(/) of n 
times continuously differentiable functions on an interval /is an example of an infinite-dimensional 
vector space. 


]| Linear Differential Equations Consider the homogeneous linear nth-order differential 
q g 
equation 
d my d n- ly 
+ a,_ (x 
dx" naa ne! 


on an interval J on which the coefficients are continuous and a,(x) # 0 for every x in the interval. 
A solution y, of (6) is necessarily a vector in the vector space C"(/). In addition, we know from 
the theory examined in Section 3.1 that if y, and y, are solutions of (6), then the sum y, + y, and 
any constant multiple ky, are also solutions. Since the solution set is closed under addition and 
scalar multiplication, it follows from Theorem 7.6.1 that the solution set of (6) is a subspace of 
C"(1). Hence the solution set of (6) deserves to be called the solution space of the differential 
equation. We also know that if {,, y.,..., y,} is a linearly independent set of solutions of (6), 
then its general solution of the differential equation is the linear combination 


dy 
a(x) + + aj(x) os + a(x)y = 0 (6) 


VY = Cy) + Cyyo(x) ++ + CY (X). 


Recall that any solution of the equation can be found from this general solution by specialization 
of the constants c, C,..., c,. Therefore, the linearly independent set of solutions {y,, y2,..., ¥,} 
is a basis for the solution space. The dimension of this solution space is n. 


| EXAMPLE6 | Dimension of a Solution Space 


The general solution of the homogeneous linear second-order differential equation y” + 25y = 0 
is y = c, cos 5x + c, sin 5x. A basis for the solution space consists of the linearly independent 


vectors {cos 5x, sin 5x}. The solution space is two-dimensional. = 


The set of solutions of anonhomogeneous linear differential equation is not a vector space. Several 
axioms of a vector space are not satisfied; most notably the set of solutions does not contain a zero 
vector. In other words, y = 0 is not a solution of a nonhomogeneous linear differential equation. 


|| Span If S denotes any set of vectors {Xx,, X), ..., X,} ina vector space V, then the set of all 
linear combinations of the vectors x,, X,..., X,, in S, 


{k,x; + kx, +--+: +k,x,}, 


nen 


where the k;, i = 1, 2,..., m are scalars, is called the span of the vectors and written Span(S) 
or Span(X,, X,..., X,,). It is left as an exercise to show that Span(S) is a subspace of the vector 
space V. See Problem 33 in Exercises 7.6. Span(S) is said to be a subspace spanned by the vectors 
X1, Xo, --., X, If V = Span(S), then we say that S is a spanning set for the vector space V, or that 
S spans V. For example, each of the three sets 


{i,j,k}, {hit jit+jt+k}, and {i j,kit+ j,i+jt+k} 


are spanning sets for the vector space R°. But note that the first two sets are linearly independent, 
whereas the third set is dependent. With these new concepts we can rephrase Definitions 7.6.4 
and 7.6.5 in the following manner: 


A set S of vectors {X,, Xz,..., X,} in a vector space V is a basis for V if S is linearly 
independent and is a spanning set for V. The number of vectors in this spanning set S is 
the dimension of the space V. 


REMARKS 


(i) Suppose V is an arbitrary real vector space. If there is an inner product defined on V it need not 
look at all like the standard or Euclidean inner product defined on R”. In Chapter 12 we will work 
with an inner product that is a definite integral. We shall denote an inner product that is not the 
Euclidean inner product by the symbol (u, v). See Problems 30, 31, and 38(b) in Exercises 7.6. 
(ii) A vector space V on which an inner product has been defined is called an inner product 
space. A vector space V can have more than one inner product defined on it. For example, a 
non-Euclidean inner product defined on R? is (u, v) = u,v; + 4.2, where u = (uj, uy) and 
v = (1, >). See Problems 37 and 38(a) in Exercises 7.6. 

(iii) A lot of our work in the later chapters in this text takes place in an infinite-dimensional 
vector space. As such, we need to extend the definition of linear independence of a finite set 
of vectors S = {X,, X,..., X,} given in Definition 7.6.3 to an infinite set: 


An infinite set of vectors S = {X,, Xo,...} is said to be linearly independent if every 
finite subset of the set S is linearly independent. If the set S is not linearly independent, 
then it is linearly dependent. 


We note that if S contains a linearly dependent subset, then the entire set S is linearly dependent. 
The vector space P of all polynomials has the standard basis B = {1, x, 3 cus }. The infinite 
set B is linearly independent. P is another example of an infinite-dimensional vector space. 


| 7.6 | Exercises Answers to selected odd-numbered problems begin on page ANS-15. 


In Problems 1—10, determine whether the given set is a vector 4. The set of vectors (a), a>), where a, + a, = 0 
space. If not, give at least one axiom that is not satisfied. Unless 5. The set of vectors (a), a>, 0) 
stated to the contrary, assume that vector addition and scalar 6. The set of vectors (a,, a), addition and scalar multiplication 
multiplication are the ordinary operations defined on that set. defined by 

1. The set of vectors (a), a>), where a, = 0, a, = 0 (ay, do) + (by, bo) = (ay, +b, + 1, ay + by + 1) 

2. The set of vectors (a), a>), where a, = 3a, ++ ] k(a,, a>) = (ka, + k — 1, kay + k— 1) 

3. The set of vectors (a,, a5), scalar multiplication defined by . 

k{ay, a>) = (ka, 0) 7. The set of real numbers, addition defined by x + y=x—y 
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10. 


. The set of complex numbers a + bi, where i? = —1, addition 


and scalar multiplication defined by 
(a, + byi) + (ay + boi) = (a, + ay) + (B, + Dy)i 
k(a + bi) = ka + kbi, k areal number 


a, 42 ae 
. The set of arrays of real numbers ( ) addition and 


scalar multiplication defined by \“2! 422 


(* ie + & -) _ es + dy 
a2; Ay by, bap dy + doy 
(2 = e 
Ay, Ay2 kay, kagp 


The set of all polynomials of degree 2 


ay + a 
ay, + boy 


In Problems 11-16, determine whether the given set is a 
subspace of the vector space C(— 00, 00). 


. All functions f such that f(1) = 0 

. All functions f such that f(0) = 1 

. All nonnegative functions f 

. All functions f such that f(—x) = f(x) 

. All differentiable functions f 

. All functions f of the form f(x) = c,e" + coxe* 


In Problems 17-20, determine whether the given set is 
a subspace of the indicated vector space. 


22. 


23. 


24. 


. Polynomials of the form p(x) = c3x° + c)x; P3 

. Polynomials p that are divisible by x — 2; P, 

. All unit vectors; R° 

. Functions f such that f° f(x) dx = 0; Cla, b] 

. In 3-space, a line through the origin can be written as 


S = {(x, y, z)|x = at, y = bt, z = ct, a, b, c real numbers}. 

With addition and scalar multiplication the same as for vectors 

(x, y, Z), Show that S is a subspace of R°. 

In 3-space, a plane through the origin can be written as 

S = {(x, y, z)lax + by + cz = 0, a, b, c real numbers}. Show 

that S is a subspace of R°. 

The vectors u, = (1, 0, 0), u, = (1, 1, 0), and u, = (1, 1, 1) 

form a basis for the vector space R°. 

(a) Show that u,, u), and u, are linearly independent. 

(b) Express the vector a = (3, —4, 8) as a linear combination 
of Uy, Ub, and u;. 

The vectors p,(x) = x + 1, po(x) = x — 1 forma basis for the 

vector space P). 

(a) Show that p,(x) and p,(x) are linearly independent. 

(b) Express the vector p(x) = 5x + 2 as a linear combination 
of p(x) and p,(x). 


In Problems 25—28, determine whether the given vectors are 
linearly independent or linearly dependent. 


25. 
26. 
27. 


(4, —8), (—6, 12) in R? 
(1, 1), (0, 1), (2, 5) in R? 
1,(x+ 1), (x + 1) in P, 
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28. 
29. 


30. 


31. 


32. 


33. 


L(t), + 1,27 in P, 


Explain why f(x) = is a vector in C[O, 3] but 


ae. 
x? + 4x +3 
not a vector in C[—3, O]. 

A vector space V on which a dot or inner product has been 
defined is called an inner product space. An inner product 
for the vector space C[a, b] is given by 


b 


(fa) = | fg) dx. 


In C[O, 277] compute (x, sin x). 

The norm of a vector in an inner product space is defined in 
terms of the inner product. For the inner product given in 
Problem 30, the norm of a vector is given by ||f|| = V(ff). 
In C[0, 277] compute ||x|| and ||sin x]. 


Find a basis for the solution space of 
d* d? d2 
no & ip Sm: 
dx dx” dx~ 


Let {x,, X,..., X,,} be any set of vectors in a vector space V. 
Show that Span(x,, X5,..., X,,) is a subspace of V. 


Discussion Problems 


34, 


35. 


36. 


37. 


38. 


Discuss: Is R* a subspace of R°? Are R* and R* subspaces 
of R*? 

In Problem 9, you should have proved that the set M, of 
2 X 2 arrays of real numbers 


a, 2 
“a (( *) ; 

or matrices, is a vector space with vector addition and scalar 
multiplication defined in that problem. Find a basis for M>. 
What is the dimension of M,,? 

Consider a finite orthogonal set of nonzero vectors 
{V), Vo,--., V,} in R”. Discuss: Is this set linearly independent 
or linearly dependent? 


If u, v, and w are vectors in a vector space V, then the axioms 
of an inner product (u, v) are 


(i) (u,v) = (v, u) 

(ii) (ku, v) = k(u, v), k a scalar 

(iii) (u, u) = Oifu = O and (u, u) > Oifu #0 

(iv) (u, v + w) = (u, v) + (u, Ww). 
Show that (u, v) = u,v, + 4u,v2, where u = (u,, uy) and 
v = (y,, v5), is an inner product on R?. 
(a) Find a pair of nonzero vectors u and v in R? that are not 

orthogonal with respect to the standard or Euclidean inner 


product u - v, but are orthogonal with respect to the inner 
product (u, v) in Problem 37. 

(b) Find a pair of nonzero functions f and g in C[0, 277] that 
are orthogonal with respect to the inner product (f, g) 
given in Problem 30. 


7.7 | Gram-Schmidt Orthogonalization Process 


INTRODUCTION _ In Section 7.6 we saw that a vector space Vcan have many different bases. 
Recall, the defining characteristics of any basis B = {X,, X,..., X,} of a vector space V is that 


e the set B is linearly independent, and 
e the set B spans the space. 


In this context the word span means that every vector in the space can be expressed as a linear 


combination of the vectors x), X»,..., X,,. For example, every vector u in R” can be written as a 
linear combination of the vectors in the standard basis B = {e,, €5,..., e,}, where 
e, = (1,0,0,...,0), e, =(0,1,0,...,0),  ...,  e, =(0,0,0,..., 1). 


This standard basis B = {e, @5,..., €,} is also an example of an orthonormal basis; that is, the 
e;,i = 1,2,..., are mutually orthogonal and are unit vectors; that is, 


e;-e=0,i#f and lel =1,i=1,2,...,2. 


In this section we focus on orthonormal bases for R” and examine a procedure whereby we 
can transform or convert any basis B of R” into an orthonormal basis. 


| EXAMPLE1 | Orthonormal Basis for R? 


The set of three vectors 


1 1 1 2 1 1 1 1 
wi = ( ’ ’ om = ( ’ ’ ).w = (0, ’ -) (1) 
V3 V3 V3 Vo V6 V6 V2 V3 
is linearly independent and spans the space R*. Hence B = {w,, W>, W3} is a basis for R°. 
Using the standard inner product or dot product defined on R°, observe 


WwW, ° W, = 0, W, Ww; = 0,w,°w;=0, and ||w,|| = 1, ||w.|| = 1, ||ws|| = 1. 


Hence B is an orthonormal basis. = 


A basis B for R" need not be orthogonal nor do the basis vectors need to be unit vectors. In 
fact, any linearly independent set of n vectors can serve as a basis for the n-dimensional vector 
space R”. For example, it is a straightforward task to show that the vectors 


Uu, = (1,0, 0), u, = (1, 1, 0), u, = (1, 1, 1) 


in R? are linearly independent and hence B = {uj, Uy, Us} is a basis for R*. Note that B is not an 
orthogonal basis. 

Generally, an orthonormal basis for a vector space V turns out to be the most convenient basis 
for V. One of the advantages that an orthonormal basis has over any other basis for R” is the 
comparative ease with which we can obtain the coordinates of a vector u relative to 
that basis. 


Theorem 7.7.1 Coordinates Relative to an Orthonormal Basis 


Suppose B = {w,, W>,..., W,,} is an orthonormal basis for R”. If u is any vector in R”, then 


u = (u- w,)w, + (U- W,)W, + --: + (U- W,,)w,,. 
PROOF: The vector w is in R” and so it is an element of the set Span(B). In other words, there 
exist real scalars k;, i = 1, 2,..., 7 such that u can be expressed as the linear combination 


u = k,w, + kw, + ++: + k,w,,. 
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(a) Linearly independent vectors u, and uy 


PrOjy Uo 


(b) Projection of uy onto v, 


V2 = Up — projy Us 


projy uo 
(c) v, and y, are orthogonal 


FIGURE 7.7.1 The orthogonal vectors v, 
and v, are defined in terms of u, and u, 
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The scalars k; are the coordinates of u relative to the basis B. These coordinates can be found by 
taking the dot product of u with each of the basis vectors: 


uw; = (kw, + kw, + +> + k,w,) + w; = ki(w,- w,) + k(w.- wi) + +++ + &, Cw, + wi). (2) 


Since B is orthonormal, w; is orthogonal to all vectors in B with the exception of w, itself. 
That is, w; - w; = 0, i # j and w; - w; = ||w,||’ = 1. Hence from (2), we obtain k; = (u > w;) 
fori = 1,2,...,n. = 


| EXAMPLE2 | Coordinates of a Vector in R° 


Find the coordinates of the vector u = ( 3, —2, 9) relative to the orthonormal basis B for R? 
given in (1) of Example |. Write u in terms of the basis B. 


SOLUTION From Theorem 7.7.1, the coordinates of u relative to the basis B in (1) of Example | 
are simply 


is 
ill 


[| Gram-Schmidt Orthogonalization Process The procedure known as the Gram- 
Schmidt orthogonalization process is a straightforward algorithm for generating an orthogonal 
basis B' = {v,, V>,..., V,} from any given basis B = {u,, Us,..., u,,} for R”. We then produce an 
orthonormal basis B” = {w,, W>,..., W,} by normalizing the vectors in the orthogonal basis B’. 
The key idea in the orthogonalization process is vector projection, and so we suggest that you 
review that concept in Section 7.3. Also, for the sake of gaining some geometric insight into the 
process, we shall begin in R* and R°. 


Hi Constructing an Orthogonal Basis for R 2 The Gram-Schmidt orthogonalization 
process for R” is a sequence of steps; at each step we construct a vector v; that is orthogonal to 
the vector in the preceding step. The transformation of a basis B = {uj, u)} for R* into an or- 
thogonal basis B' = {v,, V2} consists of two steps. See FIGURE 7.7.1(a). The first step is simple, 
we merely choose one of the vectors in B, say, u,, and rename it v,. Next, as shown in Figure 
7.7.1(b), we project the remaining vector u, in B onto the vector v, and define a second vector 


Uu,"Vv 
to be v, = uy — proj, Uy. Recall from (12) of Section 7.3 that projy U2 = ( — Lys seen in 
Figure 7.7.1(c), the vectors Ms 


Uu,"'Vv 
Yo = 03> v\ 
vv 


are orthogonal. If you are not convinced of this, we suggest you verify the orthogonality of v, 
and v, by demonstrating that v, - v. = 0. 


| EXAMPLE3 | Gram—Schmidt Process in R? 


The set B = {u,, uy}, where u, = (3, 1), wu = (1, 1), is a basis for R*. Transform B into an 
orthonormal basis B” = {wy,, w>}. 


(3) 


SOLUTION We choose v, as u,: v; = (3, 1). Then from the second equation in (3), with 
u,v, = 4and vy, - v, = 10, we obtain 


m= (1) = 28,1) = (2.3). 


(a) Basis B 


y 


Ww, 


-l 1 2 3 
(b) Basis B” 


FIGURE 7.7.2 The two bases in Example 3 


V3 


subspace W 
vy, =u, 
FIGURE 7.7.3 The vectors v,, v>, V3 (in 


blue) obtained by the Gram—Schmidt 
process 


1X 


The set B’ = {v,, vo} = {(3, 1), (—4, 2)} is an orthogonal basis for R?. We finish by normal- 
izing the vectors v, and v9: 


"Ta ave) pa ave 


The basis B is shown in FIGURE 7.7.2(a), and the new orthonormal basis B” = {w,, w2} is shown 
in blue in Figure 7.7.2(b). = 


In Example 3 we are free to choose either vector in B = {uj, uy} as the vector v,. However, 
by choosing v, = uy = (1, 1), we obtain a different orthonormal basis, namely, B” = {w,, w>}, 


where w, = (/V2, 1/V2) and w, = “ifv/2, - iV: See Problems 5-8 in Exercises 7.7. 


I| Constructing an Orthogonal Basis for R? Now suppose B = {u,, uy, us} is a basis 
for R?. Then the set B’ = {v,, Vo, V3}, where 


= (a) (a) 
V3 = U3 vv, MG VV ¥y 

is an orthogonal basis for R*. Again, if you do not see this, then compute v, - Vo, Vv, - V3, and 
V2 ° V3. 

Since the vectors v, and v, in the list (4) are by construction orthogonal, the set {v,, v.} must 
be linearly independent. See Problem 36 in Exercises 7.6. Thus, W, = Span(vj;, v2) is necessarily 

; : 3 i (a1) (a=) i 
a two-dimensional subspace of R°. Now the vector x = v, + V> is a vector 
viv V2* V2 

in W, because it is a linear combination of v, and v,. The vector x is called the orthogonal 
projection of u, onto the subspace W, and is usually denoted by x = projw, Uy. In FIGURE 7.7.3, 


x is the red vector. Notice, too, that x is the sum of two projections. Using (12) of Section 7.3, 
we can write 


projy, U3 projy, U3 
r “ " r os , 
X = projy,u; = (a) v, 4 (a=) VY. (5) 
° vv V2° V2 


The difference v,; = u3 — x is orthogonal to x. Indeed, v3 is orthogonal to v, and v> and to every 
vector in W). This is precisely the same idea in (3). In that context, v. = u, — x, where x was 
the projection of u, onto the one-dimensional subspace W, = Span(v,) of R?. Analogous to (5), 
we have 


Projy, Up 


—.- = 
X = projy,U, = (2%) V.. (6) 


vv 


| EXAMPLE4 | Gram-Schmidt Process in R® 


The set B = {uy, Uy, Uz}, where 


Uu, = (1, i 1), Uu, = (1, 2, 2), U, = (1, 1, 0) 


is a basis for R*. Transform B into an orthonormal basis B". 
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SOLUTION We choose v, as u,: v; = (1, 1, 1). Then from the second equation in (4), with 
uy: Vv; = Sandy, - v, = 3, we obtain 


) 211 
= (12,2) = (1, Ll) = 4 =a ee): 
m= 2.2) = 24,40) = (223) 
Now with u,- v, = 2, v, Vv, = 3, U3: V> = —3, and v, - v, = 3, the third equation in (4) yields 
2 1/211 
=(1, 1,0) => (1,.1,1) + 2-35 
ee ae ( 3°3 ;) 
2 2 2 111 
=(1,1,0) +4 =2 ===) elo 
3 3 3 36 6 


The set B’ = {v,, Vo, v3} = {41, 1, 1), (—4, 4, 3), (0, 3, —3)} is an orthogonal basis for R°. 
As in Example 3, we finish the job by normalizing each vector in B’. Using ||v,|| = V3, 
I|vo|| = V6/3, v3|| = A/ 2/2. and w; = |, v;, i = 1, 2, 3, we find that an orthonormal basis 


3. mo IIvill 
for R° is B” = {w,, W2, w3}, where 


n= Calpe) = (oletgh w= (ecgde) 


The set B” is recognized as the orthonormal basis for R? examined in Example 1. = 


We conclude this section with a theorem that summarizes the most general case of the 
Gram-—Schmidt process for R”. The orthogonalization process can be used on any linearly 
independent set S, and so we can use it to find orthonormal bases for subspaces of R”. 


Theorem 7.7.2 Gram-Schmidt Orthogonalization Process 


Let B = {u,, u,,.. 
where 


.,U,,},m <n, bea basis for a subspace W,,, of R”. Then B’ = {v,, V>,.--, Vin} 


u3° V1 Lge Ve (7) 
No = Us, — Vii Vo 

Wa Wil Way? ND) 
v.=u (s2%1) y (222) ¥ ( Un * Vn-1 \y 
na Sen eee ie en acs m—I1> 

Vp Ny Vian ip Vin—-1° Ym-1 


is an orthogonal basis for W,,. An orthonormal basis for W,,, is 


1 1 il 
B" = {W,, Wo, ---, Wn} = { vi, Wp ooas vn. 
IIvill ~ Ilvall Ilva 


REMARKS 


Although we have focused on R” in the foregoing discussion, the orthogonalization process 


summarized in (7) of Theorem 7.7.2 holds in all vector spaces V on which an inner product 
(u, v) is defined. In this case, we replace the symbol R” in (7) with the words “an inner product 
space V” and each dot product symbol u - v with (u, v). See Problems 17 and 18 in Exercises 7.7. 


ea Exercises Answers to selected odd-numbered problems begin on page ANS-16. 


In Problems 1| and 2, verify that the basis B for the given vector 
space is orthonormal. Use Theorem 7.7.1 to find the coordinates 
of the vector u relative to the basis B. Then write u as a linear 
combination of the basis vectors. 


; a= {22S iy Rg Ae) 
Cae tp Oe- wD 
( an : : )}. R*; u= (5,—-1,6) 

Ve Ve Vo 


In Problems 3 and 4, verify that the basis B for the given vector 
space is orthogonal. Use Theorem 7.7.1 as an aid in finding the 
coordinates of the vector u relative to the basis B. Then write 
u as a linear combination of the basis vectors. 
3. B= {(1,0, 1), (0, 1, 0), (—1, 0, 1), R?; 
u = (10, 7, —13) 
4, B= {(2,1, —2,0), (1,2, 2, 1), (3, —4, 1,3),(5, -2,4, —9)}, Rt; 
u = (1, 2, 4, 3) 


In Problems 5—8, use the Gram—Schmidt orthogonalization 
process (3) to transform the given basis B = {uj, up} for R’ into 
an orthogonal basis B’ = {v,, v.}. Then form an orthonormal 
basis B" = {w,, wo}. 

(a) First construct B” using v,, Uy. 

(b) Then construct B” using v,, Us. 

(c) Sketch B and each basis B". 


5. B= {(—3,2),(-1, -1)} 6 B= {(-3, 4),(-1,0)} 
7. B= {(1, 1), (1, 0)} 8. B= {(5,7), (1, —2)} 


In Problems 9-12, use the Gram—Schmidt orthogonalization 
process (4) to transform the given basis B = {uj, U5, u;} for R® 
into an orthogonal basis B’ = {v,, V2, v3}. Then form an ortho- 
normal basis B” = {w,, W>, W3}. 

9. B= {(1, 1, 0), (1, 2, 2), (2, 2, 1)} 
10. B= {(—3, 1, 1), (1, 1, 0), (-1, 4, 1)} 
1, B={G,3, 1), (-1,1,-2) 4-1, 1) 
12, B= {(1, 1, 1), (9, —1, 1), (-1, 4, —2)} 


In Problems 13 and 14, the given vectors span a subspace W 
of R°. Use the Gram—Schmidt orthogonalization process to 
construct an orthonormal basis for the subspace. 

13. u, = (1,5, 2), uw = (-2, 1, 1) 

14. u, = (1, 2, 3), Uu, = (3, 4, 1) 


In Problems 15 and 16, the given vectors span a subspace W 
of R*. Use the Gram—Schmidt orthogonalization process to 
construct an orthonormal basis for the subspace. 

15. u, = (1, 1d, 1), w = (1, 3, 0, 1) 

16. u, = (4,0, 2, -1), wu = (2, 1, -1, 1), u, = (1, 1, -1, 0) 


In Problems 17 and 18, an inner product defined on the vector 
space P, of all polynomials of degree less than or equal to 2, is 
given by 


1 
(p,q) = | P(x) q(x) dx. 
=|] 


Use the Gram—Schmidt orthogonalization process to transform 
the given basis B for P, into an orthogonal basis B’. 

17. B= {1,x,x} 

18. B= {x7 -—x,r4+1,1 — x} 

For the inner product (p, g) defined on P, in Problems 17 

and 18, the norm ||p(x)|| of a polynomial p is defined by 


1 
I|pOd|? = (p, p) = | poo dx. 


Use this norm in Problems 19 and 20. 
19. Construct an orthonormal basis B” from B’ obtained in 
Problem 17. 


20. Construct an orthonormal basis B” from B’ obtained in 
Problem 18. 


In Problems 21 and 22, let p(x) = 9x° — 6x + 5 bea vector 

in P,. Use Theorem 7.7.1 and the indicated orthonormal basis B” 
to find the coordinates p(x) relative to B”. Then write p(x) as a 
linear combination of the basis vectors. 


21. B" in Problem 19 22. B" in Problem 20 


Discussion Problem 


23. The set of vectors {U,, Uy, U;}, where 
u, = (1, 1, 3), wm = (1,4, 1), and u, = (1, 10, —3), 


is linearly dependent in R? since u, = —2u, + 3u5. Discuss 
what you would expect when the Gram—Schmidt process in (4) 
is applied to these vectors. Then carry out the orthogonalization 
process. 
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Answer Problems 1—30 without referring back to the text. Fill in 
the blank or answer true/false. 


1. 


NO 


. The plane x + 3y — z = 5 contains the point (1, —2, 


. If lla 


The vectors (—4, —6, 10) and (—10, —15, 25) are parallel. 


. In 3-space, any three distinct points determine a plane. 


. The line x = 1 + 54, y = 1 — 2t, z = 4 + tand the plane 


2x + 3y — 4z = | are perpendicular. 


. Nonzero vectors a and b are parallel if a < b = 0. 
. If the angle between a and b is obtuse, a- b < 0. 


If ais a unit vector, thena:a = 1. 


. The cross product of two vectors is not commutative. 


. The terminal point of the vector a — b is at the terminal point 


of a. 


. (aX b)-c=a-(b Xo) 
. Ifa, b, c, and d are nonzero coplanar vectors, then 


(aX b) X (ec Xd) =0. 


. The sum of 3i + 4j + 5k and 6i — 2j — 3k is ; 
. Ifa: b = 0, the nonzero vectors a and b are 


»(=“K) X Op) = __ 
.i- Gx j= 
. || —12i + 4j + 6k|| =___ 
ij k 

2 1 5) =___ 

0. 4 =i 


. A vector that is normal to the plane —6x + y — 7z+ 10 =0 


1S 


). 


. The point of intersection of the line x — 1 = (y + 2)/3 = 


(z + 1)/2 and the plane x + 2y — z = 13 is ‘ 


. A unit vector that has the opposite direction of a = 4i + 3j — 5k 


iS 


. If P,P, = (3,5, —4) and P, has coordinates (2, 1, 7), then the 


coordinates of P, are 


. The midpoint of the line segment between P,(4, 3, 10) and 


P,(6, —2, —5) has coordinates 


| = 7.2, ||b|| = 10, and the angle between a and b is 135°, 
thena: b= 


. Ifa = (3, 1, 0), b = (—1, 2, 1), and ce = (0, —2, 2), then 


a: (2b + 4c) = 


. The x-, y-, and z-intercepts of the plane 2x — 3y + 4z = 24 


are, respectively, 


. The angle @ between the vectors a = i+ jandb=i-—k 


1S 


. The area of a triangle with two sides given by a = (1, 3, — 1) 


and b = (2, —1, 2) is . 


. An equation of the plane containing (3, 6, —2) and with normal 


vector n = 3i+ kis 
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29. 


30. 


31. 


32. 


The distance from the plane y = —5 to the point (4, —3, 1) 

is . 

The vectors (1, 3, c) and(—2, —6, 5) are parallel for c = 

and orthogonal for c = 

Find a unit vector that is perpendicular to both a = i + j and 

b=i-2j+k. 

Find the direction cosines and direction angles of the vector 
es re 

a= 71+ 5j-—7k. 


In Problems 33-36, let a = (1, 2, —2) and b = (4, 3, 0). Find the 
indicated number or vector. 


33. 
35. 
37. 


38. 


39. 


40. 


41. 


42. 


43. 


44. 


45. 


46. 


47. 


comp, a 34. proj,b 

proj,(a + b) 36. proj, (a — b) 

Let r be the position vector of a variable point P(x, y, z) in 
space and let a be a constant vector. Determine the surface 
described by (a) (r — a) - r = O and (b) (r¥ — a) -a = 0. 
Use the dot product to determine whether the points 
(4, 2, —2), (2, 4, —3), and (6, 7, —5) are vertices of a right 
triangle. 

Find symmetric equations for the line through the point 
(7, 3, —5) that is parallel to (x — 3)/4 = (y + 4)/(-2) = 
(z — 9)/6. 

Find parametric equations for the line through the point 
(5, —9, 3) that is perpendicular to the plane 8x + 3y — 4z = 13. 
Show that the lines x = 1 — 24, y = 34,z=1+tandx=1+ 2s, 
y= —4+5,z = —1+ s intersect orthogonally. 

Find an equation of the plane containing the points (0, 0, 0), 
(2, 3, 1), C1, 0, 2). 

Find an equation of the plane containing the lines x = tf, 
y=4t,z2= —2t,andx=1+4y=1+4t,72=3- 21 
Find an equation of the plane containing (1, 7, —1) that is 
perpendicular to the line of intersection of —x + y — 8z = 4 
and 3x — y + 2z=0. 

A constant force of 10 N in the direction of a= i+ j 
moves a block on a frictionless surface from P,(4, 1, 0) to 
P,(7, 4, 0). Suppose distance is measured in meters. Find the 
work done. 


In Problem 45, find the work done in moving the block between 
the same points if another constant force of 50 N in the direction 
of b = iacts simultaneously with the original force. 

Water rushing from a fire hose exerts a horizontal force F, of 
magnitude 200 lb. See FIGURE 7.R.1. What is the magnitude of 
the force F, that a firefighter must exert to hold the hose at an 
angle of 45° from the horizontal? 


FIGURE 7.R.1 Fire hose in Problem 47 


48. A uniform ball of weight 50 lb is supported by two frictionless 


planes as shown in FIGURE 7.R.2. Let the force exerted by the 
supporting plane , on the ball be F, and the force exerted 
by the plane , be F. Since the ball is held in equilibrium, 
we must have w + F, + F, = 0, where w = —50j. Find the 
magnitudes of the forces F, and F,. [Hint: Assume the forces 
F, and F, are normal to the planes , and YP), respectively, 
and act along lines through the center C of the ball. Place the 
origin of a two-dimensional coordinate system at C. ] 


Dy P, 


45° 7 30° 


FIGURE 7.R.2 Supported ball in Problem 48 


49. 


50. 


51. 


52. 


Determine whether the set of vectors (a,, 0, a,) under addition 
and scalar multiplication defined by 


(a1, 0, a3) oF (h,, 0, b3) = (ay + by, 0, a3 + b3) 
kay, 0, a3) = (kay, 0, a3) 


is a vector space. 

Determine whether the vectors (1, 1, 2), (0, 2, 3), and (0, 1, —1) 
are linearly independent in R®. 

Determine whether the set of polynomials in P,, satisfying the 
condition d*p/dx* = 0 is a subspace of P,,,. If it is, find a basis 
for the subspace. 

Recall that the intersection of two sets W, and W, is the set of 
all elements common to both sets, and the union of W, and 
W, is the set of elements that are in either W, or W,. Suppose 
W, and W, are subspaces of a vector space V. Prove, or disprove 
by counterexample, the following propositions: 

(a) W, M W, is a subspace of V. 

(b) W, U W, is a subspace of V. 
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In mathematics one is often 
faced with the task of handling 
large arrays of numbers or 
functions. Such an array is called 
a matrix. The theory of matrices 
was the invention of the eminent 
English mathematician Arthur 
Cayley (1821-1895). 
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CHAPTER 8 Matrices 


8 Matrix Algebra 


INTRODUCTION In the last section of Chapter 7 we saw that a vector in R” is an ordered 


n-tuple (%,, X2,...,X,). Vectors are also written as a horizontal or vertical array with no commas: 
*) 

(Hy XX) OF ag (1) 
Xx, 


n 


Each array in (1) is called a matrix. Our objective in this section is to consider the algebra of 
such arrays. 


Il A Definition The arrays in (1) are just special cases of (2) in the definition that follows. 


Definition 8.1.1 Matrix 


A matrix is any rectangular array of numbers or functions: 


Qi, 12 Ain 
42, 42 Ad, (2) 
Gm m2 per: Ginn 


The numbers or functions in the array (2) are called entries or elements of the matrix. If a 
matrix has m rows and n columns we say that its size is m by n (written m X n). Ann X n matrix 
is called a square matrix or a matrix of order n. A 1 X | matrix is simply a constant or a single 


1 5 
function. For example, A = ' *) is a2 X 3 matrix, whereas 
9 7 0 8 
f 92 6 1 
B=] 2 3 
0 0 -il 6 (3) 
5 V3 Tw —-4 


isa4 X 4 square matrix or a matrix of order 4. Throughout this text we shall denote a matrix by 
a capital boldfaced letter such as A, B, C, or X. 

The entry in the ith row and jth column of an m X n matrix A is written aj. An m X n matrix 
A is then abbreviated as A = (4j)nxn- For ann X n square matrix, the entries aj), dy), ..., Ann are 
called the main diagonal entries. The main diagonal entries for the matrix B in (3) are 9, —2, 
—1, and —4. 


Definition 8.1.2 Column and Row Vectors 


Ann X | matrix, 


ay 
ay 
. ° 
an 
is called a column vector. A 1 X n matrix, 
(a, ay icin An), 


is called a row vector. 


Definition 8.1.3 Equality of Matrices 


Two m X n matrices A and B are equal if a; = b, for each i and j. 


In other words, two matrices are equal if and only if they have the same size and their 
corresponding entries are equal. 


| EXAMPLE1 | Equality 


1 1 1 11 
(a) The matrices (; ') and i 1 ') are not equal, since the size of the first matrix 


is 2 X 2 and the size of the second matrix is 2 X 3. 


1 2 
4 ‘) are not equal, since the corresponding entries in the 


1 2 
(b) The matrices ¢ ‘) and ( 


second rows of the matrices are not the same. 


I| Matrix Addition When two matrices A and B are of the same size we can add them by 
adding their corresponding entries. 


Definition 8.1.4 Matrix Addition 


If A and B are m X n matrices, then their sum is 


| EXAMPLE2 | Addition of Two Matrices 


2 -l 3 4 7 —-8 
(a) The sum of A = 0 4 6} andB=] 9 3 5 | is 
-6 10 —5 1 -l 2 
2+4 -1+7 3 + (-8) 6 6 —5 
A+B= 0+ 9 4+ 3 6+ 5 = 9 7 Ii 
-6+1 10+(-1) -5+2 -5 9 -3 


1 2 3 1 O 
(b) The sum of A = (; 5 > and B = @ ) is not defined, since A and B are of 
different sizes. 


Definition 8.1.5 Scalar Multiple of a Matrix 


If k is a real number, then the scalar multiple of a matrix A is 


kay, kayy ++ Ky, 
ae Kany kay Kay = (ie e 
K@ig [Minny 9° [koh 


In other words, to compute kA, we simply multiply each entry of A by k. For example, from 


Definition 8.1.5, 
sj = _ & a: 7 & 8) 
4 -1 5:4 5-(-1) 20. =5/7° 
We note in passing that for any matrix A the scalar multiple kA is the same as Ak. 


The difference of two m X n matrices is defined in the usual manner: A — B = A + (—B) 
where —B = (—1)B. 
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The number of columns of > 
A must equal the number of 
rows of B. 
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The following theorem summarizes some of the properties of matrix addition and scalar multi- 
plication. Each of the six parts of the theorem can be proved using Definitions 8.1.4 and 8.1.5. 


Theorem 8.1.1 Properties of Matrix Addition and Scalar Multiplication 


Suppose A, B, and C are m X n matrices and k, and k, are scalars. Then 


(i) A+B=B+A < commutative law of addition 
(ii) A+ (B+ C)=(A+B)+C < associative law of addition 
(ili) (k,ky)A = k,(k2A) 

(iv) IA=A 

(v) k(A + B)=k,A + k,B < distributive law 

(vi) (ki + kA =k,A + kA < distributive law 


[| Matrix Multiplication We have just seen that any matrix A can be multiplied by a scalar. 
But can two matrices be multiplied together? The next definition gives the answer. 


Definition 8.1.6 Matrix Multiplication 


Let A be a matrix having m rows and p columns, and let B be a matrix having p rows and 
n columns. The product AB is the m X n matrix 


C2 bp Pin 


44, 497 "Ay Dy + by 
AB=| ° a se 
Gn Gn2 Amp Dio Dep 


AyD, + Ayydo, + + ApPon 


AyDyy + Aggd a, +> + yb 


AyD), + Ayyby, + + ,D pn 


pl 


AyD aly Ayab> ioc Cali oe Am Pin a AyD on as y scat hala 


= (Zea) 


mxXn 


Definition 8.1.6 states that the product C = AB is defined only when the number of columns 
in the matrix A is the same as the number of rows in B. The dimension of the product can be 
determined from 


Also, you might recognize that the entries in, say, the ith row of the final matrix C = AB are 
formed by using the component definition of the inner or dot product of the ith row (vector) of 
A with each of the columns (vectors) of B. 


| EXAMPLE3 | Matrix Multiplication 


Find the product AB for the following matrices: 


nt ae 2). uke eee) 
Am \e. eRe —< Ne ee 


SOLUTION From Definition 8.1.6 we have 
4:-94+7:6 4-(—2) + v8) 7 é s) 


@ ap=( = 
3-9 +5:-6 3(—2) +38 57 34 


5+(—4) + 8-2 5-(—3) + 8-0 -4 -15 
(b) AB=| 1-(-4) + 0-2 1-(-3)+0-0] =| -4 -3 
2+(-4) + 7-2 2+(-3) +7-0 6 -6 


Unlike matrix addition, matrix multiplication is, in general, not commutative. That is, BA + AB. 
30 =53 


48 82 
not defined because the first matrix (in this case, B) does not have the same number of columns 
as the second matrix has rows. 

The product of an m X n matrix with ann X 1 column vector is anm X 1 column vector. For 


example, 
(3 ) + -) ( ) 
3 8 X94 3x, 8X5 , 


It is often convenient to write a column vector as a sum of two or more column vectors. In view 
of Definitions 8.1.4 and 8.1.5, the result in (4) can be written 


e& + ae 7 . s (;) 
Bx, + Ry “'\ BJ “AB 


I| Associative Law Although we shall not prove it, matrix multiplication is associative. If 
Ais anm X p matrix, Bap X r matrix, and C anr X n matrix, then the product 


Observe that in part (a) of Example 3, BA = ( ) whereas in part (b) the product BA is 


A(BC) = (AB)C 


is anm X n matrix. 


]| Distributive Law If B and C are both r X n matrices and A is an m X r matrix, then the 
distributive law is 


A(B + C) = AB + AC. 


Furthermore, if the product (B + C)A is defined, then 


(B+ C)A=BA+CA. 


Definition 8.1.7. Transpose of a Matrix 


The transpose of the m X n matrix (2) is the n X m matrix A’ given by 


Q, Gy an 
Ale Chin Gp hee 
Ain Agn oy Ginn 


In other words, the rows of a matrix A become the columns of its transpose AY. 


| EXAMPLE4 | Using Definition 8.1.7 


9 
3 


4 
(a) IfA= ( 2, then A? = 


OO 


3 
7 
=) 
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3 2 =I] 3 6 1 
(b) IfB =] 6 5 8 |, then B’ = 2 » =2 
1 =-2 4 —-1 8 4 


(c) IfC =(7 2), then C’ = (7). 


In the next theorem we give some important properties of the transpose. 


Theorem 8.1.2 Properties of Transpose 


Suppose A and B are matrices and k a scalar. Then 


(i) (A)T=A < transpose of a transpose 

(i) (A +B)’ = A7+B7 < transpose of a sum 

(iii) (AB)’ = B’A™ < transpose of a product 

(iv) (kA)? = KAT < transpose of a scalar multiple 


Of course, in properties (ii) and (iii) of Theorem 8.1.2 we assume that the sum and 
product of A and B are defined. Note carefully that part (iii) of the theorem indicates that 
the transpose of the product is the product of the transposes in reverse order. Moreover, 
(ii) and (iii) extend to any finite sum or product of matrices. For example, in the case of 
three matrices we have 


(A+B+C)=A'+B'+C" and (ABC) = C’'B’A™ 


Hi Special Matrices In matrix theory there are many special kinds of matrices that are 
important because they possess certain properties. The following is a list of some of these 
matrices: 


e A matrix that consists of all zero entries is called a zero matrix and is denoted by 0. For 
example, 


are zero matrices. If A and 0 are m X n matrices, then 


A+0=A. (5) 
In addition, A+(—A)=0. (6) 


e Ann X nmatrix A is said to be a triangular matrix if all its entries above the main diagonal 
are zeros or if all its entries below the main diagonal are zeros. In other words, a square 
matrix A = (@j),x, 18 triangular if aj, = 0 whenever i < j or a, = 0 whenever i > j. More 
specifically, in the first case the matrix is called lower triangular, and in the second the 
matrix is called upper triangular. The following two matrices are triangular: 


-§ 0 00 0 

16 00 0 7 o 
02 15 

89 3 0 0 a 

1 1 -1 2 0 

13.0 47 -2 ie 


; : upper triangular matrix 
lower triangular matrix 


e Ann X nmatrix A is said to be a diagonal matrix if all its entries not on the main diagonal 
are zeros. In terms of the symbolism A = (4;j),,,, A is a diagonal matrix if a; = 0 for i # j. 
The following is a diagonal matrix: 


7 0 6 
0 4+ 0 
0 0 1 


e When the entries a;; of a diagonal matrix A are all equal, it is called a scalar matrix. For 


5 0 
example, (° °) is a scalar matrix. Ann X n scalar matrix is simply a scalar multiple of 


a diagonal matrix in which the main diagonal entries are all equal to 1. For example, 


5 0 1 0 . 
=5 iJ In general, the n X n matrix 


0 5 0 
1 0 0 0 
0 1 0 0 
0 0 0 1 


is denoted by the symbol I (or I, when there is a need to emphasize the order of the ma- 

trix). For any m X n matrix A it is readily verified that I,, A = AI,, = A. Because this last 

property is analogous to | -a = a- | =a, for any real number a, the matrix I is called the 
identity matrix. 

e Ann X n matrix A is said to be symmetric if A’ = A; that is, A is symmetric if 
a,; = a;; for all i and j. This means that the entries in a symmetric matrix are symmetric 
with respect to the main diagonal of the matrix. For example, a quick inspection of the 
matrix 


REMARKS 


Suppose the symbol M,,,,, denotes the set of all m X n matrices on which the operations of 
matrix addition and scalar multiplication are defined. Then 


A + Bis in M, 


mn 


and = kAisin M,,, (7) 


for every A and B in M, 


mn 


and for every scalar k. That is to say, M,,,, is closed under matrix 
addition and scalar multiplication. When we combine (7) with properties (5) and (6) and the 
properties listed in Theorem 8.1.1, it follows immediately that M,,,,, is a vector space. For 
practical purposes, the vector spaces M,_,, (tow vectors) and M,, , (column vectors) are indis- 
tinguishable from the vector space R”. 
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Ex Exercises Answers to selected odd-numbered problems begin on page ANS-16. 


In Problems 1-6, state the size of the given matrix. 


1 3 3.9 oe 
eee a[s 4 
5 6 
i 2 =f 
a |G a =e 4. (5 7 —15) 
00 5 
1 
5 
1 5-6 0 ° 
fe —19° oI 6 : 
© © 2-21 ae 
3 
12 


In Problems 7—10, determine whether the given matrices are 
equal. 


2 


wo. ( z *) te ‘ 
"hA2 If? Nia 


In Problems 11 and 12, determine the values of x and y for 
which the matrices are equal. 


me Ge 3 
“Ay -3/’ \38x-2 -3 
(~ ) ¢ :) 

12. ‘ 

y 5 4x 5 


In Problems 13 and 14, find the entries c,3 and c,, for the matrix 
C = 2A — 3B. 


aae(23 Ys 
—-1 6 0 

2 0°55 

, B=|0 4 0 

0 -4 1 3 0 7 


15. ra=( 5 *) and B=(~ 
-6 9 8 


(b) B — A, (c) 2A + 3B. 


FD 


6 
a find (a) A + B, 
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—2 0 3. = 
16. If A= 4 1] andB= O 2 |, find (a) A — B, 
7 3 =4 =2 


(b) B — A, (c) 2(A + B). 


2 = =) 
7. IfA= ( > and B = ( °). find (a) AB, 
—5 4 3 2 
(b) BA, (c) A’ = AA, (d) B? = BB. 


1 4 


—4 — 
18 IfA={5 10 and B= ( : a 
1 =3 2 
8 12 


find (a) AB, (b) BA. 


19. a= (3 7).B= (6 *), ana c = (° ‘): 
=f 4 % i 3 4 


find (a) BC, (b) A(BC), (c) CCBA), (d) A(B + C). 
3 

-6 7),B= 4 
=] 


20. If A = (5 
i a 4 

andC =| 0 1. —1 |, find (a) AB, (b) BA, (c) (BA)C, 
a 


1 
(d) (AB)C. 


4 
21. IfA= 8 |andB=(2 4 5), find(a)A7A, (b) B’B, 


-10 
(c) A + BY. 


1 2 0 
22. If A = ( ) and B = ( *), find (a) A + B’, 
2 4 5 7 
(b) 2A? — B®, (c) A7(A — B). 


(3 4 _ 5 10\ . r 
23. IfA = é ) and B = [2 =) find (a) (AB)’, 


(b) BTA’. 


24. ra=( 2 ’) and B = (“3 
-4 6 a 


(b) 2A + B’. 


11 
i find (a) A’ + B, 


In Problems 25-28, write the given sum as a single-column 
matrix. 


= 4(72)-a(3) +95) 


2 =I 3 
26. 3 1]+5) -l]-2| 4 
=] 3 =) 


Lt =-3 + 3 =] 2 
28. | 2 | 2)+ 1 = 8 
0 -4 -2 =] 4 —6 


In Problems 29 and 30, determine the size of the matrix A such 
that the given product is defined. 


0 
2 1 
m (213 af; 
9 6 7 O 
9 
2 
2 1 3 01 
30. ;3 9 6}A 
G4) 
7 0 -!l 


2 35 
Verify the given property by computing the left and right mem- 
bers of the given equality. 


2 4 4 10 
In Problems 31-34, suppose A = 32 and B = ‘ 


31. (AX=A 
33. (AB)’ = B’A7 


32. (A+ B)’=A’7+B" 
34. (6A)’ = 6A? 


35. Suppose A = 


ND wv 


1 
3 |. Verify that the matrix B = AA’ is 
5 


symmetric. 

36. Show that if A is an m X n matrix, then AA’ is symmetric. 

37. In matrix theory, many of the familiar properties of the real 
number system are not valid. If a and b are real numbers, then 
ab = 0 implies that a = 0 or b = 0. Find two matrices such 
that AB = 0 but A # 0 and B # 0. 

38. Ifa, b, and c are real numbers and c # 0, then ac = bc implies 
a = b. For matrices, AC = BC, C # 0, does not necessarily 
imply A = B. Verify this for 


2 1 4 5 1 6 
A=|3 2 1],B= Oo! 2. =3./5 
1 3 2 —-1 3 i) 
0 0 0 
and C=|;2 3 4 
0 0 O 


In Problems 39 and 40, let A and B be n X n matrices. Explain 
why, in general, the given formula is not valid. 

39. (A + BY = A? + 2AB + B? 

40. (A + B)(A — B) = A? - B® 


. Qi, Ayg\(X1\ by : ; 
41. Write = without matrices. 
421 Ag2/ \X2 by 


42. Write the system of equations 
2x, + 6x. + x3 =7 
xX, +2x,- %4%=-1 
5x, + 7x) — 4x3 = 9 


as a matrix equation AX = B, where X and B are column 
vectors. 


43. Verify that the quadratic form ax* + bxy + cy” is the same 


as 
a 5b\(x 
«oy )G) 


44. Verify that the curl of the vector field F = Pi + Qj + Rk can 


be written 
QO —d/dx o/ax P 
curl F = alax 0 —d/ldx Q 
—dldy alax 0 R 


(Readers who are not familiar with the concept of the curl of 
a vector field should see Section 9.7.) 


If a vector a = OP = (x, y) in R’ is rotated counterclockwise 
about the origin through : an angle 0, then the components of the 
resulting vector b = OP, = (x), y;) are given by B = MA, 
where 


A= e! B= i) ade = ae pa) 
y yy sin 6 cos 0 
The 2 < 2 matrix M is called a rotation matrix. See FIGURE 8.1.1. 
In Problems 45-48, find the resulting vector b if the given vector 
a = OP = (x, y) is rotated through the indicated angle. 
45. a = (1,1),0 = 7/2 46. a = (—2,4),0 = 77/6 
47. a = (V2, V2),0 = 30/4 48 a = (1, -1),0 = 20/3 


Pix, 9) 


O 


FIGURE 8.1.1 Rotated vector in 
Problems 45-48 


xy 


In Problems 49 and 50, let A = (*) and B = ( ) Finda2 X 2 
y 


J JI 
matrix M so that B = MA represents a reflection of the vector 


—— . . . 
a = OP = (x, y) in the given axis. 


49. y-axis 50. x-axis 

51. As shown in FIGURE 8.1.2(a), a spacecraft can perform rota- 
tions called pitch, roll, and yaw about three distinct axes. 
To describe the coordinates of a point P we use two coordi- 
nate systems: a fixed three-dimensional Cartesian coordinate 
system in which the coordinates of P are (x, y, z) anda 
spacecraft coordinate system that moves with the particular 
rotation. In Figure 8.1.2(b) we have illustrated a yaw—that 
is, arotation around the z-axis (which is perpendicular to the 
plane of the paper). The coordinates (xy, yy, zy) of the point 
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P in the spacecraft system after the yaw are related to the 
coordinates (x, y, z) of P in the fixed coordinate system by 
the equations 


Xy=xcosy + ysiny 
yy = —xsiny + ycosy 


Zy=Z 


where y is the angle of rotation. 


(a) 


(b) 


(c) 


Verify that the foregoing system of equations can be writ- 
ten as the matrix equation 


Xy x 
yy | = My y 
Zy Zz 
cosy siny 0 
where My=j] —-siny cosy 0 
0 0 1 


When the spacecraft performs a pitch, roll, and yaw in 
sequence through the angles a, B, and y, respectively, 
the final coordinates of the point P in the spacecraft 
system (Xs, ys, Zs) are obtained from the sequence of 
transformations 


Xp=X Xp = Xp cos B — zpsin B 
yp =ycosa+zsina Yr=Yp 
Zp=—ysina+zcosa; Zr =xpsin B + zpcos B; 


Xs = Xp COS y + ye sin y 

Ys = —Xp sin y + yr cos y 

£5 = ZR: 
Write this sequence of transformations as a matrix 
equation 


Xy x. 
ys | = MyMpMp| y 
Zs Zz 


The matrix My is the same as in part (a). Identify the 
matrices Mp and Mp. 

Suppose the coordinates of a point are (1, 1, 1) in the fixed 
coordinate system. Determine the coordinates of the point 
in the spacecraft system if the spacecraft performs a pitch, 
roll, and yaw in sequence through the angles a = 30°, 
B = 45°, and y = 60°. 


“Se 


(b) 


FIGURE 8.1.2 Spacecraft in Problem 51 
52. Project (a) A matrix A can be partitioned into submatrices. 


(b) 


For example the 3 X 5 and 5 X 2 matrices 


3 4 

32-1} 24 0.7 
A=|16 3/-15]|, B=|-4 1 
04 6!-2 3, -2 -1 
ae 


can be written 


es oe — B= (2), 
An Ax B, 
where A, is the upper left-hand block, or submatrix, indicated 
in blue in A, A), is the upper right-hand block, and so on. 
Compute the product AB using the partitioned matrices. 
Investigate how partitioned matrices can be useful when 


using a computer to perform matrix calculations involving 
large matrices. 
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INTRODUCTION Recall, any equation of the form ax + by = c, where a, b, and c are real num- 
bers is said to be a linear equation in the variables x and y. The graph of a linear equation in two 
variables is a straight line. For real numbers a, b, c, and d, ax + by + cz = dis a linear equation in 
the variables x, y, and z and is the equation of a plane in 3-space. In general, an equation of the form 


AX F AX Fes + AX, = Dn, 


where ay, d,..., d,, and b, are real numbers, is a linear equation in the n variables x), x2, ..., X,- 
In this section we will study systems of linear equations. Systems of linear equations are 


also called linear systems. 


4 


(a) Consistent 


7 


(b) Consistent 


\ 


(c) Inconsistent 


FIGURE 8.2.1 A linear system of two 
equations in two variables interpreted 
as lines in 2-space 


Hi General Form A system of m linear equations inn variables, or unknowns, has the general form 


Ay hy FH AyaxXy H+ + Ayyk, = Dy 
AgyX1 FH AggxXy T+ + Ay, X, = dy 
: : (1) 


AniX1 + nar aaa Se Ginn = Big: 


The coefficients of the variables in the linear system (1) can be abbreviated as a,;, where i denotes 
the row andj denotes the column in which the coefficient appears. For example, a); is the coefficient 
of the unknown in the second row and third column (that is, x). Thus, i = 1, 2, 3,..., m andj = 1, 
2,3,...,. The numbers b,, b,, ..., b,, are called the constants of the system. If all the constants are 
zero, the system (1) is said to be homogeneous; otherwise it is nonhomogeneous. For example, 


this system is homogeneous this system is nonhomogeneous 
y J 

5x, — 9x. + x, =0 2x, + 5x) + 6x3 = 1 
Xr 3H =0 4x, + 3x, - x3 = 9. 


4x, + 6x, — x3 = 0 


Hi Solution A solution of a linear system (1) is a set of n numbers x), x5, ..., x, that satisfies 


each equation in the system. For example, x, = 3, x. = —1 is a solution of the system 
3x, + 6x, = 3 
x, — 4%) = 7. 


To see this we replace x, by 3 and x, by —1 in each equation: 
3(3) + 6(-1)=9-6=3 and 3-4(-1)=34+4=7. 


Solutions of linear systems are also written as an ordered n-tuple (x), x), ..., x,). The solution for 
the above system is then the ordered pair (3, —1). 

A linear system of equations is said to be consistent if it has at least one solution, and 
inconsistent if it has no solutions. If a linear system is consistent, it has either 


¢ aunique solution (that is, precisely one solution), or 
¢ infinitely many solutions. 


Thus, a system of linear equations cannot have, say, exactly three solutions. 

For a linear system with two equations and two variables, the lines in the plane, or 2-space, 
intersect at one point as in FIGURE 8.2.1(a) (unique solution), are identical as in Figure 8.2.1(b) 
(infinitely many solutions), or are parallel as in Figure 8.2.1(c) (no solutions). 

For a linear system with three equations and three variables, each equation in the system 
represents a plane in 3-space. FIGURE 8.2.2 shows some of the many ways that this kind of linear 
system can be interpreted. 


Line of 
intersection 


Point of 
intersection 


(a) Consistent (b) Consistent (c) Consistent 


Parallel planes: No single line 
No points in of intersection 


common 


—_ 


(d) Inconsistent (e) Inconsistent (f) Inconsistent 


FIGURE 8.2.2 A linear system of three equations in three variables interpreted as planes in 3-space 


8.2 Systems of Linear Algebraic Equations | 377 


378 


CHAPTER 8 Matrices 


| EXAMPLE1 | Verification of a Solution 


Verify that x, = 14 + 7t, x, = 9 + 6¢, x; = t, where tis any real number, is a solution of the 
system 


2x, — 3x) + 4x3, = 1 
Xj— X— x= 5. 
SOLUTION Replacing x,, x», and x; in turn by 14 + 71, 9 + 6t, and t, we have 


2(14 + 7) —3(9 + 6) + 4t = 1 
1444+7- O9+6)—- t=5. 


For each real number ¢ we obtain a different solution of the system; in other words, the 
system has an infinite number of solutions. For instance, tf = 0, = 4, and t = —2 give the 
three solutions 


and x, = 0, x= -3, x= —-2, 


respectively. Geometrically, each equation in the system represents a plane in R°. In this 
case, the planes intersect in a line as shown in Figure 8.2.2(b). Parametric equations of the 
line are x, = 14 + 7t, x» = 9 + Of, x; = ft. The solution can also be written as the ordered 
triple (x, x, x3) or (14 + 72, 9 + 6, 2). = 


Hi Solving Systems We can transform a system of linear equations into an equivalent 
system (that is, one having the same solutions) using the following elementary operations: 


(i) Multiply an equation by a nonzero constant. 
(ii) Interchange the positions of equations in the system. 
(iii) Add a nonzero multiple of one equation to any other equation. 


As the next example will show, these elementary operations enable us to systematically eliminate 
variables from the equations of the system. 


| EXAMPLE2 | Solving a Linear System 


Solve 2x, + 6%, + x3 =7 
xX, +2x,- 4% =-1 


5x, + 7x, — 4x; = 9. 


SOLUTION We begin by interchanging the first and second rows: 


xX, + 2x%,- x,= —1 
2x, + 6X. + x3=7 
5x, + 7x, — 4x3 = 9. 
Our goal now is to eliminate x, from the second and third equations. If we add to the second 
equation —2 times the first equation, we obtain the equivalent system 
xX, +2x,- x%=-1 
2x, + 3x3 =9 
5x, + 7x, — 4x, = 9. 


By adding to the third equation —5 times the first equation, we get a new equivalent 
system: 


X, + 2x, - x,= —1 
2X + 3x3 =9 
3x + x3 = 14. 
We are now going to use the second equation to eliminate the variable x, from the first and 
third equations. To simplify matters, let us multiply the second equation by 3: 
Xp 2h = X= 1 


3 9 
xy + 4B SES 


2 2 
—3x, + x= 14. 
Adding to the first equation —2 times the second equation yields 


xy — 4x, = —10 


Ww |. 


a oe — 
X2 3 
—3x% + x= 14. 


Next, by adding 3 times the second equation to the third equation we get 


xy — 4x; = —10 
ee 3 9 
x x3 = = 
2 oo 
11 5) 
a we Tas 
2 2 


We shall use the last equation to eliminate the variable x; from the first and second equations. 
To this end, we multiply the third equation by 7;: 


xy — 4x; = —10 


At this point we could use back-substitution; that is, substitute the value x, = 5 back into 
the remaining equations to determine x, and x,. However, by continuing with our systematic 
elimination, we add to the second equation —} times the third equation: 


xy — 4x, = —10 
Xy =-3 


x3 =5. 
Finally, by adding to the first equation 4 times the third equation, we obtain 


x; = 10 


Xo =-3 
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It is now apparent that x; = 10, x. = —3, x; = 5 is the solution of the original system. The 
answer written as the ordered triple (10, — 3, 5) means that the planes represented by the three 
equations in the system intersect at a point as in Figure 8.2.2(a). = 


I Aug mented Matrix Reflecting on the solution of the linear system in Example 2 should 
convince you that the solution of the system does not depend on what symbols are used as vari- 
ables. Thus, the systems 


2x+6y+ z=7 2u+6v+ w=7 
x+2y- z=-1 and u+2v- w= -l 
5x + Ty —4z=9 Su + 7v—4w =9 


have the same solution as the system in Example 2. In other words, in the solution of a linear 
system, the symbols used to denote the variables are immaterial; it is the coefficients of the 
variables and the constants that determine the solution of the system. In fact, we can solve a 
system of form (1) by dropping the variables entirely and performing operations on the rows of 
the array of coefficients and constants: 


ay, ay Ay | Dy 
Q, yy" Ayn, | Dg (2) 
An) An oo Ginn Dn 


This array is called the augmented matrix of the system or simply the matrix of the 
system (1). 


| EXAMPLE3 | Augmented Matrices 


=3 5 |2 : 
represents the linear system 


1 
Th ted matri 
(a) e augmented matrix (; 7 -1\8 


xX, — 3x, + 5x, = 2 


4x, + 7x. -— x3 = 8. 


(b) The linear system 


x, — 5x3 = —-1 x, + Ox, — 5x3 = -1 
2x, + 8x, =7 is the same as 2x, + 8x, + Ox; = 7 
X, + 9x, = 1 Ox, + x, + 9x, = 1. 


Thus the matrix of the system is 


EQ =5)—1 
2 8 0; 7 = 
0 1 9) 1 


Hi Elementary Row Operations Since the rows of an augmented matrix represent the 
equations in a linear system, the three elementary operations on a linear system listed previously 
are equivalent to the following elementary row operations on a matrix: 


(i) Multiply a row by a nonzero constant. 
(ii) Interchange any two rows. 
(iii) Adda nonzero multiple of one row to any other row. 


Note: Row operations can 
lead to different row-echelon 
forms. 


> 


Of course, when we add a multiple of one row to another, we add the corresponding entries in 
the rows. We say that two matrices are row equivalent if one can be obtained from the other 
through a sequence of elementary row operations. The procedure of carrying out elementary row 
operations on a matrix to obtain a row-equivalent matrix is called row reduction. 


I Elimination Methods To solve a system such as (1) using an augmented matrix, we 
shall use either Gaussian elimination or the Gauss—Jordan elimination method. In the former 
method, we row-reduce the augmented matrix of the system until we arrive at a row-equivalent 
augmented matrix in row-echelon form: 


(i) The first nonzero entry in a nonzero row is a I. 

(ii) In consecutive nonzero rows, the first entry | in the lower row appears to the right 
of the | in the higher row. 

(iii) Rows consisting of all zeros are at the bottom of the matrix. 


In the Gauss—Jordan method, the row operations are continued until we obtain an augmented 
matrix that is in reduced row-echelon form. A reduced row-echelon matrix has the same three 
properties listed previously, but in addition: 


(iv) A column containing a first entry 1 has zeros everywhere else. 


| EXAMPLE4 | Echelon Forms 


(a) The augmented matrices 


2 


(? 0 1 -6 2 q 
il and 
; 000 0 1/4 


1 5 0 

0 Lt Of- 

0 0 0 
are in row-echelon form. The reader should verify that the three criteria for this form are 
satisfied. 
(b) The augmented matrices 


1 7 

ane 0 0 1 -6 O|-6 
oP Ola |) aed le 5 ey ee al a 
0 0 O| O 


are in reduced row-echelon form. Note that the remaining entries in the columns that contain 


a leading entry | are all zeros. = 


It should be noted that in Gaussian elimination, we stop when we have obtained an augmented 
matrix in row-echelon form. In other words, by using different sequences of row operations, we 
may arrive at different row-echelon forms. This method then requires the use of back-substitution. 
In Gauss—Jordan elimination, we stop when we have obtained the augmented matrix in reduced 
row-echelon form. Any sequence of row operations will lead to the same augmented matrix in 
reduced row-echelon form. This method does not require back-substitution; the solution of the 
system will be apparent by inspection of the final matrix. In terms of the equations of the original 
system, our goal in both methods is simply to make the coefficient of x, in the first equation* 
equal to one and then use multiples of that equation to eliminate x, from other equations. The 
process is repeated for the other variables. 

To keep track of the row operations used on an augmented matrix, we shall utilize the follow- 
ing notation: 


Symbol Meaning 

RoR; Interchange rows i and j 

cR; Multiply the ith row by the nonzero constant c 
cR; + R; Multiply the ith row by c and add to the jth row 


*We can always interchange equations so that the first equation contains the variable x,. 
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| EXAMPLES | Elimination Methods and Augmented Matrices 


Solve the linear system in Example 2 using (a) Gaussian elimination and (b) Gauss—Jordan 
elimination. 


SOLUTION (a) Using row operations on the augmented matrix of the system, we obtain: 


26 FTV gg fl 2 alel 

i 2 =|) "Ss" 2 6 al 4 

5 7 -4| 9 5 7 -4| 9 

—2R, + Ry 1 2 -I1/-1 1 2 =1\—1 
—5R\ +R; Rs 

> Oo 2 Biola wo 4 3} 3 

0 -3 1| 14 0 -3 1/14 

2 -1|-1 1 2 -1|/-1 

— 3] 9 TR 3] 9 

=> 1 5 z > 0 1 2 2 

00 #| 2 0 0 | 35 


The last matrix is in row-echelon form and represents the system 


xX, +2x,- x,=-1 


9 
Xn FS Xy = > 
x3 >= >. 
Substituting x; = 5 into the second equation gives x, = —3. Substituting both these values 


back into the first equation finally yields x; = 10. 
(b) We start with the last matrix above. Since the first entries in the second and third rows are 
ones, we must, in turn, make the remaining entries in the second and third columns zeros: 


LDQ =e = 1 0O —4]-10 SER) 1 0O O| 10 
—2R,+R, —3R, +R, 

0 1 3; 3 => 0 1 3 3 ‘=> 0 1 O|-3 

0 0 1} 5 0 0 1 S 0 0 1] 5 


The last matrix is in reduced row-echelon form. Bearing in mind what the matrix means in 
terms of equations, we see that the solution of the system is x, = 10, x, = —3,x; =5. = 


| EXAMPLE6 | Gauss—Jordan Elimination 


Use Gauss—Jordan elimination to solve 
xX, + 3x. — 2x3 = —7 
4x, + x, + 3x,=5 
2x, — Sx) + 7x; = 19. 


SOLUTION Row operations give 


1 2 =2)=7 “AR|+Ro f 1 3. -—2|-7 
—2R, +R; 

4 1 3 S = 0 -il 11} 33 

2 =5 7\| 19 0 -ill 11} 33 


1 3 -=2)|=7 —3R, +R, 1 O 1 2 
—Ry +R; 

O “ak =t)=3 = QO. =) =3 

0 1 -—-t1{-3 0 O 0 0) 


1 
—aRs 


In this case, the last matrix in reduced row-echelon form implies that the original system 
of three equations in three variables is really equivalent to two equations in the variables. 


Worth remembering. > 


FIGURE 8.2.3 Electrical network 


Since only x; is common to both equations (the nonzero rows), we can assign its values 
arbitrarily. If we let x, = t, where ¢ represents any real number, then we see that the system 
has infinitely many solutions: x; = 2 — ft, x.» = —3 + 1, x; = t. Geometrically, these equa- 
tions are the parametric equations for the line of intersection of the planes x, + Ox, + x3; = 2 


and Ox; + x, — x3 = —3. = 


| EXAMPLE7 | Inconsistent System 


Solve xt x» = 1 
4x, 7 X= —6 
2x1 = 3x, = 8. 


SOLUTION Inthe process of applying Gauss—Jordan elimination to the matrix of the system, 


we stop at 
1 1; 1 ee 1 O;=1 
4 —-1|]-6 > Oo 1; 2 
2 =3| 8 O O} 16 


The third row of the last matrix means 0x, + Ox, = 16 (or 0 = 16). Since no numbers x, and 


x, can satisfy this equation, we conclude that the system has no solution. = 


Inconsistent systems of m linear equations in n variables will always yield the situation illustrated 
in Example 7; that is, there will be a row in the reduced row-echelon form of the augmented 
matrix in which the first n entries are zero and the (n + 1)st entry is nonzero. 


Hi Networks The currents in the branches of an electrical network can be determined by 
using Kirchhoff’s point and loop rules: 

Point rule: The algebraic sum of the currents toward any branch point is 0. 

Loop rule: The algebraic sum of the potential differences in any loop is 0. 
When a loop is traversed in a chosen direction (clockwise or counterclockwise), an emf is taken to 
be positive when it is traversed from — to + and negative when traversed from + to —. An iR prod- 
uct is taken to be positive if the chosen direction through the resistor is opposite that of the assumed 
current, and negative if the chosen direction is in the same direction as the assumed current. 

In FIGURE 8.2.3, the branch points of the network are labeled A and B, the loops are labeled L, 


and L,, and the chosen direction in each loop is clockwise. Now, applying the foregoing rules to 
the network yields the nonhomogeneous system of linear equations 


i; —-i-1,=0 1, = 15 -kh _ 
E- UR, — 1nR> = 0 or i,R, + InR = (3) 
inR> = 13k; =0 inR> _ 1;R3 = 0. 


| EXAMPLES | 8 Currents in a Network 


Use Gauss—Jordan elimination to solve the system (3) when R, = 10 ohms, Ry = 20 ohms, 
R; = 10 ohms, and E = 12 volts. 


SOLUTION The system to be solved is 


iy = 1, — B= 0 
10i, + 203, =12 
201, _ 10:3 =0. 
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In this case, Gauss—Jordan elimination yields 


1 —]1 —1 0 row 


operations 


10 20 0} 12 => 
0 20 -10} 0 


tiloo 


oor 
oro 
- Oo CO 
BIS Sle SI 


Hence, we see that the currents in the three branches are i; = 53 = 0.72 ampere, i, = $ = 


0.24 ampere, and i, = 3; = 0.48 ampere. = 


I Homogeneous Systems All the systems in the preceding examples are nonhomogeneous 
systems. As we have seen, a nonhomogeneous system can be consistent or inconsistent. By 
contrast, a homogeneous system of linear equations 


Ay jXy + AypXy +++ + AyyX, =O 
AyQX) + AyXy H+++ + AayX, = 0 
(4) 


Am1X] + Am2X2 pee ae Qinn*n = 0 


is always consistent, since x; = 0, xX, = 0,..., X, = 0 will satisfy each equation in the system. 
The solution consisting of all zeros is called the trivial solution. But naturally we are interested 
in whether a system of form (4) has any solutions for which some of the x;, i = 1, 2,..., n, are 
not zero. Such a solution is called a nontrivial solution. A homogeneous system either possesses 
only the trivial solution or possesses the trivial solution along with infinitely many nontrivial 
solutions. The next theorem, presented without proof, will give us a sufficient condition for the 
existence of nontrivial solutions. 


Theorem 8.2.1 Existence of Nontrivial Solutions 


A homogeneous system of form (4) possesses nontrivial solutions if the number m of equa- 
tions is less than the number n of variables (m < n). 


| EXAMPLE9 | Solving a Homogeneous System 


Solve 2x, — 4x, + 3x, = 0 


xX, + 2X — 2x3, = 0. 


SOLUTION Since the number of equations is less than the number of variables, we know 
from Theorem 8.2.1 that the given system has nontrivial solutions. Using Gauss—Jordan elim- 
ination, we find 


2-4 3/0\ %oR (1 1 -2/0\ -2%+% (1 1 -20 
=> => 

1 1-2/0 2-4 3/0 0-6 710 

rR, (1 1 -2|)0\ -®+e% (1 0 -2]0 

=> 7 => 7 5 

01 —Z|0 01 —ZI0 


As in Example 6, if x, = ¢, then the solution of the system is x, = 21,1 = Zt, x; = t. Note we 
obtain the trivial solution x, = 0, x, = 0, x3 = 0 for this system by choosing t = 0. For t # 0 


we get nontrivial solutions. For example, the solutions corresponding to t = 6, t = —12, and 
¢=3 are, in tum, 2, = 5,2) = 7,49 = 67%; 10, x, = —14, x, = —12; and x, = 3, x, = 3, 
x3 = 3. = 


I| Chemical Equations Thenext example will give an application of homogeneous systems 
in chemistry. 
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| EXAMPLE 10__| Balancing a Chemical Equation 


Balance the chemical equation C,H, + O, > CO, + H,0. 


SOLUTION We want to find positive integers x,, x, x3, and x, so that 
x,CyH, + xX,0 -> x3CO, + x4H,O. 


Because the number of atoms of each element must be the same on each side of the last 
equation, we have 


carbon (C): = 2x, = x3 2x, + Ox. — x3 + Ox, = 0 
hydrogen (H): 6x, = 2x4 or 6x, + Ox, + Ox; — 2x, = 0 
oxygen (O): 2x, = 2x3 + x4 Ox, + 2x, — 2x3 - x4, = 0. 


Gauss—Jordan elimination gives 


20 -1 O|0 row 


operations 


6 0 O —2)0 => 
0 2 =2 =1)0 


oOo 
oro 


| 


- Oo Oo 
| 

WI AN wil 

ao o& © 


and so x, = 4t, x, = 2t, x; = 3t, x, = t. In this case t must be a positive integer chosen in such 
a manner so that x,, x», and x; are positive integers. To accomplish this we pick t = 6. This 
gives x; = 2,.x, = 7,x3 = 4, x, = 6. The balanced chemical equation is then 


2C,H, + 70; 4CO; + 6H,0. 


Hi Notation In view of matrix multiplication and equality of matrices defined in Section 8.1, 
if we define matrices A, X, and B as 


a, ay Ain x] b 

42, An ay x2 b, 
= “i X= [ois B=] oO fs 

amt Am2 Ann Xn b m 


4, 42 °° An x} b, 
42, 422 Ann Xy ] by 
ant An2 ~ Ann Xn Dn 
or more compactly as 
AX =B, 


where the matrix A is, naturally, called the coefficient matrix. The augmented matrix of a 
system AX = B is often denoted by (AIB). A homogeneous system of equations is written 
AX = 0. This notation makes it easier to discuss linear systems and to prove theorems for 
such systems. 
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Theorem 8.2.2 Two Properties of Homogeneous Systems 


Let AX = 0 denote a homogeneous system of linear equations. 


(i) If X, is a solution of AX = 0, then so is cX, for any constant c. 
(ii) If X, and X, are solutions of AX = 0, then so is X,; + X). 


PROOF: (i) Because X, is a solution, then AX, = 0. Now 
A(cX,) = c(AX,) = c0 = 0. 


This shows that a constant multiple of a solution of a homogeneous linear system is also 
a solution. 


(ii) Because X, and X, are solutions, then AX, = 0 and AX, = 0. Now 
A(X, + X,) = AX, + AX, =0+0=0. 
This shows that X, + X, is a solution. = 


By combining parts (i) and (ii) of Theorem 8.2.2 we can say that if X, and X, are solutions 
of AX = 0, then so is the linear combination 


CX + CX, 


where c, and c, are constants. Moreover, this superposition principle extends to three or more 
solutions of AX = 0. 


| EXAMPLE 11__ | Example 9 Revisited 


At the end of Example 9, we obtained three distinct solutions 


5 —10 3 
X,=[7], X,=|-14], and xX, =| 3 
6 —12 3 


of the given homogeneous linear system. It follows from the preceding discussion that 


5 —10 5 7 
KX=X,+X,+X%,=[7]+]-14])+ ]2]= | -3 
6 =12 3 —3 


is also a solution of the system. Verify this. 


I Terminology Suppose a linear system has m equations and n variables. If there are more 
equations than variables, that is, m > n, then the system is said to be overdetermined. If the 
system has fewer equations than variables, that is, m <n, then the system is called underdeter- 
mined. An overdetermined linear system may put too many constraints on the variables and so 
is usually—not always—inconsistent. The system in Example 7 is overdetermined and is incon- 
sistent. On the other hand an underdetermined system is usually—but not always—consistent. 
The systems in Examples 9 and 10 are underdetermined and are consistent. It should be noted 
that it is impossible for a consistent underdetermined system to possess a single or unique solu- 
tion. To see this, suppose that m < n. If Gaussian elimination is used to solve the system, then 
the row-echelon form that is row equivalent to the matrix of the system will contain r nonzero 
rows where r = m <n. Thus we can solve for r of the variables in terms of n — r > 0 variables 
or parameters. If the underdetermined system is consistent, then those remaining n — r variables 
can be chosen arbitrarily and so the system has an infinite number of solutions. 


REMARKS 


(i) To solve large systems of linear equations, we obviously need the help of a computer. Since 
the two methods in this section are so systematic, they can be programmed easily. However, 
the requirement that each nonzero row start with a one may at times demand division by a 
very small number. Problems can then occur. Large systems are often solved indirectly—that 
is, by an approximation technique such as Gauss-Seidel iteration. See Section 16.1. 

(ii) Since Gauss—Jordan elimination avoids the necessity of back-substitution, it would appear 
that it is the more efficient of the two methods we have considered. Actually, this is not the 
case. It has been shown that for large systems, Gauss—Jordan elimination can require about 
50% more operations than Gaussian elimination. 

(iii) A consistent nonhomogeneous linear system AX = B, B # 0, shares a property with 
nonhomogeneous linear differential equations. If X;, is a solution of the associated homoge- 
neous system AX = 0, and X, is a particular solution of the nonhomogeneous system AX = B, 


then the superposition X;, + X, is also a solution of the nonhomogeneous system. This is 
readily verified by the distributive law of matrix multiplication: 


A(X, + X,) = AX, + AX, =0+ B=B. 


(iv) The set S of all solution vectors X of a homogeneous linear system with m equations and 
n variables, 


S = {X| AX = 0} 
is called the null-space of the matrix A. If you have studied Section 7.6, then $ is a subspace 


of the vector space R”. See pages 354 and 355. This fact follows immediately from 
Theorems 7.6.1 and 8.2.2. 


| 8.2 — Exercises Answers to selected odd-numbered problems begin on page ANS-16. 


In Problems 1—20, use either Gaussian elimination or 15. x, +x, +x, =3 
Gauss—Jordan elimination to solve the given system or show that X, —%X)—x%,=—-1 
no solution exists. 3x, +x, +x, =5 


16. x, = My = 2x, = —1 


1 xy - m= 11 2. 3x, — 2x, =4 esas = 
4x, + 3x, = —5 X}—- X= -2 seas ay 
3. 9x, + 3x, = —5 4. 10x, + 15x, = 1 Pa — ere 
2x, + x» =-1 3x, + 2x,=-1 2x, +x, +x, =3 
5. xX - XX = —3 6. x, +2x,- x,=0 x- yt x, = —-1 
2x, + 3x, + 5x; =7 2x, + x, + 2x,=9 x,t % +x, +%,=2 
X, — 2x, + 3x3 = —11 Xj Xt x3=3 18. 2x, + x + Xx; =3 
7. xX, $x. + x, =0 8. x, + 2x, — 4x, = 9 3x, + x + x3+ x, =4 
xX, + x) + 3x; =0 5x, — X + 2x, = 1 x, + 2x, + 2x, + 3x, = 3 
9 x) — x, — 143 = 8 10. 3x, + x» =4 4x, + 5x, — 2x, + x, = 16 
Xy — X) +43 = 3 4x, + 3x, = —3 19. Xt x- uy =4 
—xX, $+ %y+%3=4 2x, - 4% = 11 x, + 3x, + 5x,- x, = 1 
1. 2x, + 2x =0 12. x,—- Xx, — 2x,=0 xX, + 2x, + 5x3 — 4x, = —2 
—2x,+ m+%x,=0 2x, + 4x, + 5x, = 0 X, + 4x, + 6x; — 2x4 = 6 
3x, + x, =0 6x, — 3x, =0 20. x, + 2x, + x4 =0 
13. x, + 2x, + 2x, = 2 14. x, -— 2x, + x, =2 4x, + 9x, + x3 + 12x, =0 
xX, + m+ 4% =0 3x, — X) + 2x, =5 3x, + 9x, + 6x3 + 21x, = 0 
xX, — 3x, - 4% =0 2x, + x + x,=1 x + 3x, + A+ 9x4 = 0 
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In Problems 21 and 22, use a calculator to solve the given system. 


21. xy + Xy + x3 = 4.280 
0.2x, — O.1x, 0.5x3 = — 1.978 
4.1x, + 0.3x, + 0.12x3 = 1.686 

22. 2.5x,+ 1.4% + 4.5x3 = 2.6170 
1.35x, + 0.95x, + 1.2x3 = 0.7545 

2.7x, + 3.05x, — 1.44x; = —1.4292 


In Problems 23-28, use the procedures illustrated in Example 10 
to balance the given chemical equation. 


23. Na + H,O > NaOH + H, 

24. KCIO;— KCl + O, 

25. Fe;0, + C— Fe + CO 

26. CsHg + O, > CO, + H,O0 

27. Cu + HNO; — Cu(NO;), + H,0 + NO 
28. Ca;(PO,). + H3PO,— Ca(H,PO,)> 


In Problems 29 and 30, set up and solve the system of equations 
for the currents in the branches of the given network. 


29. 10V 27V 


3 5Q 6Q 


30. 


FIGURE 8.2.5 Network in Problem 30 


In Problems 31 and 32, write the homogeneous system of linear 
equations in the form AX = 0. Then verify by matrix multipli- 
cation that the given matrix X is a solution of the system for any 
real number cy. 


xX, t+ m+ x, =0 4 
31. ¢ 5x, — 2x, + 2x3=0, X =c, 3 
8x, + xX + 5x, =0 atl! 
Xt +23 +x, = 0 1 
—xX) + %— tx, =0 —| 
32. X=c 
X, + xX) — xX; — xy = 0 1) _y 
3x, + x) + x3 - x4 = 0 1 


In Problems 33 and 34, write the nonhomogeneous system of 
linear equations in the form AX = B. Then verify by matrix 
multiplication that the given matrix X is a solution of the system 


for any real numbers c, and c). 


2x, — 3x) + x3 = —12 al | 2 
33. Xt Hy -xX3= 1 = , X= 4]+4+ cc] 3 
4x, — xX, —- x, = —10 2 5 
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34. x, + 2x, — 3x3 = 2 2 1 =2 
2x, + 4x, - 6x3 =4, K=[0]4+c,) 1 | +o, 1 
3x, + 6x) — 9x3 = 6 0 1 0 


An elementary matrix E is one obtained by performing a single 
row operation on the identity matrix I. In Problems 35—39, 
verify that the given matrix is an elementary matrix. 


0 1 0 1 0 O 
35. 1 O O 36. 0 1 0 
0 0 1 0 0 ¢ 
oo abr 
37. }0 1 O 38. 
cw 4 0 0 1 0 
0 0 0 1 


If a matrix A is premultiplied by an elementary matrix E, the 
product EA will be that matrix obtained from A by performing 
the elementary row operation symbolized by E. In Problems 
39—42, compute the given product for an arbitrary 3 x 3 
matrix A. 


0 1 0 1 0 0 

39. |} | O OJA 4. |0 1 OJA 
0 0 1 0 0 c 
1 0 0 


oO 
ony 
— 


o 
So 


j=) 
j=) 
— 


Computer Lab Assignments 
In Problems 43-46, use a CAS to solve the given system. 


43. 1.567x, — 3.48x, + 5.22x, = 1.045 
3.56x, + 4.118x, + 1.57x, = —1.625 


44. x, + 2x,- 2x,=0 
2x, - 2%+ %4%=0 
3x, — 6x, + 4x3; =0 
4x, + 14x, — 13x, = 0 


45. 1.2x, + 3.5x — 4.4x3 + 3.1x, = 1.8 
0.2x, _ 6.1x, _ 2.3Xx3 + 5.4x,4 = —0.6 


3.3x, 3.5X, 2.4x3 O.1x, = 25 
5.2x, + 8.5x) — 4.4x3 — 2.9x, = 0 
46. x, - X%— X34+ 2xy-—X5=5 


6x, + 9x. — 6x3 + 17x4 — x5 = 40 

2x, + XxX) — 2x3 + 5x, — x5 = 12 
X, + 2X) —- x,+ 3x4 =7 
X, + 2% + x,+ 3x4 =1 


See page 352 in Section 7.6. > 


8.3 | Rank of a Matrix 


INTRODUCTION Ina general m X n matrix, 


ay, Ay Ain 

A= 42, Ay Qn 

the rows Ani m2 Ginn 

Uy = (yy Ayn ++ Ayn), Uy = (Gq1 Aa «++ Arn)y eee Un = (Ant Una +++ Ginn) 
and columns 
ai 12 Qin 
_ ay) _ | % —_ | %n 
Yi = * > WwW * pore Vy = . 

ant An2 ann 


are called the row vectors of A and the column vectors of A, respectively. 


[| A Definition As vectors, the set Uj, U5, ..., U,, 1s either linearly independent or linearly 
dependent. We have the following definition. 


Definition 8.3.1 Rank of a Matrix 


The rank of an m X n matrix A, denoted by rank(A), is the maximum number of linearly 
independent row vectors in A. 


| EXAMPLE1 | Rank of a3 X 4 Matrix 


Find the rank of the 3 X 4 matrix 


1 1-1 
A=|2 -2 6 8]. (1) 
3 5 -7 8 


SOLUTION Withu,=( 1 —1 3),u4=(@ —2 6 8),andu,=(3 5 —7 8), wesee 
that 4u, — ju, — uy = 0. In view of Definition 7.6.3 and the discussion following it, we 
conclude that the set u,, U5, U3 is linearly dependent. On the other hand, since neither u, nor 


uy is a constant multiple of the other, the set of row vectors uj, U, is linearly independent. 
Hence by Definition 8.3.1, rank(A) = 2. = 


[| Row Space In the terminology of the preceding chapter, the row vectors Uj, U, U; of the 
matrix (1) are a set of vectors in the vector space R*. Since R, = Span(uy,, Uy, U;) (the set of all 
linear combinations of the vectors uj, U5, Us) is a subspace of R*, we are justified in calling Ra 
the row space of the matrix A. Now the set of vectors u,, u, is linearly independent and also 
spans R,; in other words, the set u,, uy is a basis for Ry. The dimension (the number of vectors 
in a basis) of the row space R, is 2, which is rank(A). 


I| Rank by Row Reduction Example | notwithstanding, it is generally not easy to 
determine the rank of a matrix by inspection. Although there are several mechanical ways 
of finding rank(A), we examine one way that uses the elementary row operations introduced 
in the preceding section. Specifically, the rank of A can be found by row reducing A to a 
row-echelon matrix B. To understand this, first recall that an m X n matrix B is row equiva- 
lent to an m X n matrix A if the rows of B were obtained from the rows of A by applying 
elementary row operations. If we simply interchange two rows in A to obtain B, then the 
row space R, of A and the row space Rg of B are equal because the row vectors of A and B 
are the same. When the row vectors of B are linear combinations of the rows of A, it follows 
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that the row vectors of B are in the row space Rg, and so Rx is a subset of Ra (written Rg © Ra). 
Conversely, A is row equivalent to B, since we can obtain A by applying row operations to B. 
Hence the rows of A are linear combinations of the rows of B, and so it follows that R, is 
a subset of Rg (Ra © Rg). From Rg © Ry and Ra © Rg, we conclude that Ra, = Rg. Finally, 
if we row-reduce A into a row-echelon matrix B, then the nonzero rows of B are linearly 
independent. (Why?) The nonzero rows of B form a basis for the row space R,, and so we 
have the result that rank(A) = dimension of Rg. 
We summarize these conclusions in the next theorem. 


Theorem 8.3.1 Rank of a Matrix by Row Reduction 


If a matrix A is row equivalent to a row-echelon form B, then 


(i) the row space of A = the row space of B, 
(ii) the nonzero rows of B form a basis for the row space of A, and 
(iii) rank(A) = the number of nonzero rows in B. 


| EXAMPLE2 | Rank by Row Reduction—Example 1 Revisited 


We row-reduce a matrix A to a row-echelon form B in exactly the same manner as we row- 
reduced the augmented matrix of a system of linear equations to an echelon form when we 
solved the system using Gaussian elimination. Using the matrix (1) in Example 1, elementary 
row operations give 


1 1 -1 3\ “hte /7 1 -1 3\ te /1 1 -1 = «3 

—3R, +R, _tr, 
A=|2 -2 6 8 => 0 -4 #8 2 > 10 1 -2 -3 
3 § =7 8 0 2 af <4 00 0 o 


Since the last matrix is in row-echelon form, and since the last matrix has two nonzero rows, 
we conclude from (iii) of Theorem 8.3.1 that rank(A) = 2. = 


| EXAMPLE3 | Linear Independence/Dependence 


Determine whether the set of vectors u,; = (2, 1, 1), uy = (0, 3, 0), uy = (3, 1, 2), in R° is 
linearly dependent or linearly independent. 


SOLUTION It should be clear from the discussion above that if we form a matrix A with 
the given vectors as rows, and if we row-reduce A to a row-echelon form B with rank 3, 
then the set of vectors is linearly independent. If rank(A) < 3, then the set of vectors is 
linearly dependent. In this case, it is easy to carry the row reduction all the way to a reduced 
row-echelon form: 


row 
operations 


21 1 1 0 0 
A=|{0 3 0 0 1 0 
3 1 2 0 0 1 


Thus rank(A) = 3 and the set of vectors uj, Us, U; is linearly independent. = 


As mentioned previously, the vectors in the row-echelon form of a matrix A can serve as a 
basis for the row space of the matrix A. In Example 3, we see that a basis for the row space of A 
is the standard basis (1, 0, 0), (0, 1, 0), (0, 0, 1) of R°. 


Hi Rank and Linear Systems The concept of rank can be related back to solvability of 
linear systems of algebraic equations. Suppose AX = B is a linear system and that (A|B) denotes 
the augmented matrix of the system. In Example 7 of Section 8.2, we saw that the system 


x,t x» = 1 
4x, — x, = —-6 


2x1 — 3x = 8 


was inconsistent. The inconsistency of the system is seen in the fact that, after row reduction of 
the augmented matrix (AIB), 


| 1 ! ane 1 0 : operations 1 0) 0 
4 -1|-6 => O 1] 2 > 0 1/0 (2) 
2 —3] 8 0 O| 16 0 Oj; 1 


the last row of the reduced row-echelon form is nonzero. Of course, this reduction shows that 
rank(A|B) = 3. But note, too, that the result in (2) indicates that rank(A) = 2 because 


EN ee ft 
4 -]1 => 0 1 
2 -3 0 O 


We have illustrated a special case of the next theorem. 


Theorem 8.3.2 Consistency of AX = B 


A linear system of equations AX = B is consistent if and only if the rank of the coefficient 
matrix A is the same as the rank of the augmented matrix of the system (AB). 


In Example 6 of Section 8.2, we saw that the system 


xX, + 3x, — 2x3 = —7 
4x, + x + 3x3 =5 (3) 


2x, — 5x7 + 7x3 = 19 


was consistent and had an infinite number of solutions. We solved for two of the variables, 
x, and xy, in terms of the remaining variable x3, which we relabeled as a parameter ¢. The 
number of parameters in a solution of a system is related to the rank of the coefficient 
matrix A. 


Theorem 8.3.3 Number of Parameters in a Solution 


Suppose a linear system AX = B with m equations and n variables is consistent. If 
the coefficient matrix A has rank r, then the solution of the system contains n — r 
parameters. 


For the system (3), we can see from the row reduction 


1 3. =2) =7 TOW 1]} 2 
operations 


1 0 
4 1 3| 3 => QO 1 -=1)/=3 
0 0 0; O 


that rank(A) = rank(A|B) = 2, and so the system is consistent by Theorem 8.3.2. With n = 3, 
we see from Theorem 8.3.3 the number of parameters in the solution is 3 — 2 = 1. 

FIGURE 8.3.1 outlines the connection between the concept of rank of a matrix and the solution 
of a linear system. 
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FIGURE 8.3.1 For m linear equations in n variables AX = B. 
Two cases: B = 0, B # 0. Let rank(A) = r. 


REMARKS 


We have not mentioned the connection between the columns of a matrix A and the rank of A. 
It turns out that the maximum number of independent columns that a matrix A can have must 
equal the maximum number of independent rows. In the terminology of vector spaces, the 
row space R, of matrix A has the same dimension as its column space C,. For example, if we 
take the transpose of the matrix in (1) and reduce it to a row-echelon form: 


1 2; 3 2 


row 
operations 


Sa eo eo > 


we see that the maximum number of rows of A’ is 2, and so the maximum number of linearly 
independent columns of A is 2. 


| 8.3 Exercises Answers to selected odd-numbered problems begin on page ANS-17. 


In Problems 1—10, use (iii) of Theorem 8.3.1 to find the rank of 1 


11 
the given matrix. 5/104 a (? -1 2 c 
6 Bas 

; (; se i: — i: 4-4] 
: 3 O 0 1 -2 eo 
2 1 3 1 12 j 3 -6 ; 1 46 8 
3 6 3 9 4.{-1 2 4 “| 7 -1 “lo 10 0 
—1 -} -3 -1 0 3 4 5 2 5 6 8 
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0 2 4 2 
z 4 1 0 5 ; 
2 1 5 3 3 
6 6 6 12 0 
1 -2 1 8 -1 1 1 6 
0 oOo 1 3 -1 1 155 
10. | 0 0 1 3 -1 2 #10 8 
0 00 0 0 1 1 3 
1 =2 18 =1.1 2 6 


In Problems 11-14, determine whether the given set of vectors 
is linearly dependent or linearly independent. 


11. u, = (1, 2, 3), uy = (1, 0, 1), us = (1, —1, 5) 

12. u, = (2, 6, 3), u. = (1, —1, 4), us = @, 2, 1), uy = (2, 5, 4) 

13. u, = (1, -1,3, -1),u, = (1, -1, 4, 2), uy = (1, —1,5, 7) 

14. u, = (2, 1,1,5), u, = (2,2, 1, 1), u, = GB, —1, 6, 1), 

u, = (1, 1,1, -1) 

15. Suppose the system AX = B is consistent and Ais a5 X 8 
matrix and rank(A) = 3. How many parameters does the solu- 
tion of the system have? 

16. Let A be a nonzero 4 X 6 matrix. 

(a) What is the maximum rank that A can have? 

(b) Ifrank(AIB) = 2, then for what value(s) of rank(A) is the 
system AX = B, B # 0, inconsistent? Consistent? 

(c) Ifrank(A) = 3, then how many parameters does the solu- 
tion of the system AX = 0 have? 

17. Let v,, V2, and v; be the first, second, and third column vectors, 
respectively, of the matrix 


21 =#$7 
A= 1 0 2 
-1 5 #13 


What can we conclude about rank(A) from the observation 
2v, + 3v, — v3 = 0? [Hint: Read the Remarks at the end of 
this section. ] 


Discussion Problems 


18. Suppose the system AX = B is consistent and A is a6 X 3 
matrix. Suppose the maximum number of linearly independent 
rows in A is 3. Discuss: Is the solution of the system unique? 


19. Suppose we wish to determine whether the set of column 


vectors 
4 1 =] 
) 2 1 
vi = 2 > Vo = 2 > V3 — 1 ry 
1 1 1 
2 
3 7 
y= , w= 
4 4 3 —5 
1 1 


is linearly dependent or linearly independent. By Definition 
7.6.3, if 


CV, + CyVo + 633 + C4V4 + C5V5 = 0 (4) 


only for c; = 0, c. = 0, c; = 0, cy = 0, cs = 0, then the set of 
vectors is linearly independent; otherwise the set is linearly 
dependent. But (4) is equivalent to the linear system 


4c, + C2 — 03 +2e4+ csr =0 
3c, + 2c) + c3 + 3c, + Tes = 0 
2c; + 2c, + c3 + 4c, — 5c5 = O 
Cyt Cote, + cat cs =0. 


Without doing any further work, explain why we can now 
conclude that the set of vectors is linearly dependent. 


Computer Lab Assignment 


20. A CAS can be used to row-reduce a matrix to a row-echelon 
form. Use a CAS to determine the ranks of the augmented 
matrix (AIB) and the coefficient matrix A for 


X, + 2x, — 6%, + xyt+ Xs + X=? 
5x, + 2x, — 2x; + 5xy + 4x5 + 2x6 = 3 
6x, + 2x, — 2x, + x4 + Xs + 3x5 = —-1 
—x, + 2x, +3x,+ x, - x5 + 6x, = 0 
9x, + Tx, — 2x, + x4 + 4x5 = 5. 


Is the system consistent or inconsistent? If consistent, solve 
the system. 


3.4 Determinants 


INTRODUCTION Suppose A is ann X n matrix. Associated with A is a number called the 
determinant of A and is denoted by det A. Symbolically, we distinguish a matrix A from the 
determinant of A by replacing the parentheses by vertical bars: 


ayy 


a2) 


Ay, ayy Ayn 7" Ay, 
3) 42, 4y7 7" ay 

a and detA = | ° 1, 
nn Qn Qn2 — Ann 
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A determinant of ann X n matrix is said to be a determinant of order n. We begin by defining 
the determinants of | X 1,2 X 2, and3 X 3 matrices. 


| A Definition Fora1 X 1 matrix A = (a), we have det A = lal = a. For example, if 
A = (—5), then det A = |—5] = —S. In this case the vertical bars || around a number do not mean 
the absolute value of the number. 


Definition 8.4.1 Determinant of a 2 X< 2 Matrix 


A a a : 
The determinant of A = ( nm 2) is the number 


Ay, An 


ay, Ay 


det A = = Q41Q90 — Qj2Q>). (1) 


4x, an 


As a mnemonic, a determinant of order 2 is thought to be the product of the main diagonal 
entries of A minus the product of the other diagonal entries: 


subtract 
multiply multiply — products 


a . 


ay) ay9 


= Gy{92 ~ 24). (2) 


6 


6 
For example, if A = ( 5 


3 
5 a then det A = | 


3 = 6(9) — (—3)(5) = 69. 


Definition 8.4.2 Determinant of a 3 < 3 Matrix 


ay, AQ 443 
The determinant of A = | a; 9 d)_~ a3, | is the number 


43; 432 433 


4, 42 443 
det A = Jay, 9 Ag3} = GyjAy7433 + Gy7Ay3431 + Gy3Ay1432 — 13743) (3) 


43; 432 433 ~ 411493039 ~ G12471433- 


The expression in (3) can be written in a more tractable form. By factoring, we have 
det A = ay 4(a79433 — p32) + Ay9(— 4p1433 + Ay3431) + G13(A21432 — Gy9431). 


But in view of (1), each term in parentheses is recognized as the determinant of a2 2 matrix: 


(4) 


432 433 a3, 433 a3; 32] 
Observe that each determinant in (4) is a determinant of a submatrix of the matrix A and corre- 
sponds to its coefficient in the following manner: a, is the coefficient of the determinant of the 
submatrix obtained by deleting the first row and first column of A; aj is the coefficient of the 
negative of the determinant of the submatrix obtained by deleting the first row and second column 
of A; and finally, a, is the coefficient of the determinant of the submatrix obtained by deleting 
the first row and third column of A. In other words, the coefficients in (4) are simply the entries 
of the first row of A. We say that det A has been expanded by cofactors along the first row, 
with the cofactors of a), a), and a,; being the determinants 


ay. a3 ay, 473 


Cy = — 


37 33 3; 433 


Thus (4) is 
det A = ay,Cy, + GysCyo + ay3Cj3. (5) 
In general, the cofactor of a, is the determinant 
C; =(= LM, (6) 
where Mj, is the determinant of the submatrix obtained by deleting the ith row and the jth column 
of A. The determinant M,; is called a minor determinant. A cofactor is a signed minor determi- 


nant; that is, C; = Mj when i + j is even and C; = —M, when i + j is odd. 
A3 X 3 matrix has nine cofactors: 


C1, =M, Cy = —Mi, Cy = M3 
Cy, = —M), Cy = My Cy = —My3 
C3, = My, Cx. = —Myy C33 = M33. 


Inspection of the above array shows that the sign factor +1 or —1 associated with a cofactor can 
be obtained from the checkerboard pattern: 


- + - (7) 
+ -— + 


3 X 3 matrix 
Now observe that (3) can be rearranged and factored again as 


det A = —a49(491433 — 23031) + Ay7(4 1433 — 413431) — A39(Gy1423 — 13421) 
a2, 93 


an(- ' ) + ayy y + aa( - ) (8) 


a3, 433 
= Ay2C\2 + Ay2Co. + A32C 3p, 
which is the cofactor expansion of det A along the second column. It is left as an exercise to show 
from (3) that det A can also be expanded by cofactors along the third row: 


ai, 43 


31 433 a2, 93 


det A = a3;C3) + A39C 39 + A33C33. (9) 


We are, of course, suggesting in (5), (8), and (9) the following general result: 


The determinant of a3 X 3 matrix can be evaluated by expanding det A by cofactors along 
any row or along any column. 


| EXAMPLE1 | Cofactor Expansion Along the First Row 


2 4 7 
Evaluate the determinantof A=|6 0 3 
1 5 3 


SOLUTION Using cofactor expansion along the first row gives 


a 4.4 
detA=|6 0 3] =2Cy+4Cy. + 7C3. 
1 5 3 
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Now, the cofactors of the entries in the first row of A are 


or 0 3 
CoE @ 3) =e"), 
| 3.3 

a 6 3 
Ch=(-)'716 @ 3) =H? 

1 5 = 

— 6 0 
Cs=(-D6 0 =D, | 

Ls 2 


where the dashed lines indicate the row and column that are deleted. Thus, 


0 3 6 3 
det A = 2(—1)'*? + 4(-1)'” + 7(-1)'9 
e Ca eal oe le gi ee!) 


6 0 
1 


= 2[0(3) — 3(5)] — 4[6(3) — 3(1)] + 7[6(5) — 0(1)] = 120. = 


If a matrix has a row (or a column) containing many zero entries, then wisdom dictates that 
we evaluate the determinant of the matrix using cofactor expansion along that row (or column). 
Thus, in Example 1, had we expanded the determinant of A using cofactors along, say, the second 
row, then 


det A = 6C, + 0Cx + 3C 33 = 6Cr, + 3C)3 


i 2 
+3(-1" 


4 
= 6(—1)7*! 
(-1) ; ; 


5 


6(—23) — 3(6) = 120. 


| EXAMPLE2 | Cofactor Expansion Along the Third Column 


6 5 0) 
Evaluate the determinantof A= |-—1l 8 —7 
—2 4 0 


SOLUTION Since there are two zeros in the third column, we expand by cofactors of that 
column: 


65 0 
detA=|-1 8 —7| =0C,3 + (—7)Cy + 0C33 
2 4 0 
6 5 
243 § a3) 6 5 
= (-7(-18| 4-8-4] = (IHD 
-2 4 
—2 4 9 


= 7[6(4) — 5(—2)] = 238. = 


Carrying the above ideas one step further, we can evaluate the determinant of a 4 x 4 matrix 
by multiplying the entries in a row (or column) by their corresponding cofactors and adding the 


products. In this case, each cofactor is a signed minor determinant of an appropriate 3 X 3 sub- 
matrix. The following theorem, which we shall give without proof, states that the determinant of 
any n X n matrix A can be evaluated by means of cofactors. 


Theorem 8.4.1 Cofactor Expansion of a Determinant 


Let A = (4j)nxn be ann X n matrix. For each | =i =n, the cofactor expansion of det A along 
the ith row is 


det A = aC sr AjpaCi ap ceo Sp aiGe 
For each | <j <n, the cofactor expansion of det A along the jth column is 


det A = aC sr AyjCy; ar oeo ap GLC gs, 


ny nj 


The sign factor pattern for the cofactors illustrated in (7) extends to matrices of order greater 
than 3: 


+ -— + -— + 
+ - + = - + - + = 
- + - + + - + -— + 
+ —- + = - + - + = 
-— + - + + - + -— + 
4 X 4 matrix n X n matrix 


| EXAMPLE3 | Cofactor Expansion Along the Fourth Row 


Evaluate the determinant of the matrix 


5 1 2 4 
= 
ees 0 2 3 
1 1 6 1 
1 00 -4 


SOLUTION Since the matrix has two zero entries in its fourth row, we choose to expand 
det A by cofactors along that row: 


5.12 
= 6.2 
oa = (1)Cy + 0Cy + OC + (—4) Cay, (10) 
100 -4 
i 2-4 5 12 
where Cy= 1)" 16 2 3) and Cy=(-1)"\=1 © 2). 
161 1 1 6 


We then expand both these determinants by cofactors along the second row: 


12 4 
ot 14 i 2 

Cu =(-D|O 2 3 = -(o(-1" + 2(-1)?*? + 3(-1)°73 ) 
oe @ 6 1 i 4 1 6 


= 18 
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1 2 5 2 5 1 
Cyu=|-1 0 2} = (-1\(-1)*! + O(-1°*? + 2(-1)°*3 
1 6 1 6 1 1 
1 1 6 
= —4, 
Therefore (10) becomes 
5 1 2 
-1 0 2 
det A = 116 = (1)(18) + (—4)(-4) = 34. 
1 00 —-4 


You should verify this result by expanding det A by cofactors along the second column. = 


REMARKS 


In previous mathematics courses you may have seen the following memory device, analogous 
to (2), for evaluating a determinant of order 3: 


multiply multiply 


(i) Add the products of the entries on the arrows that go from left to right. 
(ii) Subtract from the number in (7) the sum of the products of the entries on the arrows that 
go from right to left. 


Note: Method illustrated in (11) > A word of caution is in order here. The memory device given in (11), though easily adapted 
does not work for determinants to matrices larger than 3 X 3, does not give the correct results. There are no mnemonic devices 
Cree ea for evaluating the determinants of order 4 or greater. 


| 8.4 Exercises Answers to selected odd-numbered problems begin on page ANS-17. 


In Problems 1—4, suppose Evaluate the indicated minor determinant or cofactor. 


2 3 4 
i= 1-12 In Problems 9-14, evaluate the determinant of the given matrix. 


2. 3:5 9. (—7) 10. (2) 


a DS 
11. 12. 
Evaluate the indicated minor determinant or cofactor. (_ 1 ) ( 


My 2@BMy %2Cy & Go - or *) “a on *) 
2 2-A j —2 5-A” 


In Probl 5-8, . : . 
en eee aE PERSE In Problems 15-28, evaluate the determinant of the given matrix 


by cofactor expansion. 


0 2 4 

ee 1 2 =2 3 0 2 0 ) 0 0 
5 1 0 -l 15. |3 0 1 16. | 0 -3 O 
1 1 1 2 0 5 8 0 0 2 
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17. 


19. 


21. 


23. 


AON NNN 


ee 


RAK 


18. 


20. 


22. 


24. 


‘ _ 


1 =1 -=1 1 1 -3 0 2 ! =-2 J 
2 2, =2 1 5 3 2 0 5 0 4 
25. 26. 
1 9 I =2 1 0 1 6 1 0 
: 4 8 0 0 5 -l 1 1 
4 6 O 
; 8 0 3. 2 0 | =! 2 2 0 0-2 
+ 9 0 O 1 4 2 3 1 1 6 0 5 
27.0 O 2-1 1/2 )1 0 2-1 - 
2 a 0 0 0 4 3 > 6 13 
— 2 2 0 0 0 0 2 0 100 1 
7 —-4 10 
In Problems 29 and 30, find the values of A that satisfy the given 
1 1 1 equation. 
L=—d 0 = 
i ? -3-A 10 
2+x 3+y 4+2 29. , s=4\° 30. 1 2% 1) =0 


25 Properties of Determinants 


INTRODUCTION In this section we are going to consider some of the many properties of 
determinants. Our goal in the discussion is to use these properties to develop a means of evaluat- 
ing a determinant that is an alternative to cofactor expansion. 


I Properties The first property states that the determinant of ann X n matrix and its trans- 
pose are the same. 


Theorem 8.5.1 Determinant of a Transpose 


If A’ is the transpose of the n X n matrix A, then det A’ = det A. 


7 5 
1). we have A? = ( 


5 
| =-41 and detA’= ; 


5 3 
For example, for the matrix A = (; =) Observe that 


5 7 
deta =| 


= -41, 
2 


Since transposing a matrix interchanges its rows and columns, the significance of Theorem 8.5.1 
is that statements concerning determinants and the rows of a matrix also hold when the word row 
is replaced by the word column. 


Theorem 8.5.2 Two Identical Rows 


If any two rows (columns) of ann X n matrix A are the same, then det A = 0. 


| EXAMPLE1 | Matrix with Two Identical Rows 


6 2 2 
Since the second and third columns in the matrix A= | 4 2 2 | are the same, it follows 
from Theorem 8.5.2 that 9 2 2 
6 2 2 
det A = 2 2) =0. 
9 2 2 


You should verify this by expanding the determinant by cofactors. 
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Theorem 8.5.3 Zero Row or Column 


Tf all the entries in a row (column) of ann X n matrix A are zero, then det A = 0. 


PROOF: Suppose the ith row of A consists of all zeros. Hence all the products in the expansion 


of det A by cofactors along the ith row are zero and consequently det A = 0. = 
For example, it follows immediately from Theorem 8.5.3 that 


zero column uy 


4 6 0 
zero row —> |Q 0 
: n° and |1 5 O| =0. 
8 —-l1 0 


Theorem 8.5.4 Interchanging Rows 


If B is the matrix obtained by interchanging any two rows (columns) of ann X n matrix A, 
then det B = —det A. 


For example, if B is the matrix obtained by interchanging the first and third rows of 


4 -1 9 
A=| 6 QO 7 |, then from Theorem 8.5.4 we have 
2 1 3 
2 I. 3 4 -1 9 
det B = |6 0 7| = —-|6 O 7| = —det A. 
4 -1 9 2, 1 3 


You should verify this by computing both determinants. 


Theorem 8.5.5 Constant Multiple of a Row 


If B is the matrix obtained from ann X n matrix A by multiplying a row (column) by a nonzero 
real number k, then det B = k det A. 


PROOF: Suppose the entries in the ith row of A are multiplied by the number k. Call the result- 
ing matrix B. Expanding det B by cofactors along the ith row then gives 
det B = kaj,Ci + kajC tee Ht kainCin 
— k(ajyCy + AjCir teee Ht AinCin) = kdet A. 
——— ae 


expansion of det A by cofactors along the ith row 


| EXAMPLE2 | Theorems 8.5.5 and 8.5.2 


from from from 
first column — second column second row 
A + 1 
5 8 1 8 1 1 1 1 
= = 5: a 58 ee = 1 =o) == 
@) |o0 a ‘\ i ° ‘1 , aa > i sl tae 


from second column from Theorem 8.5.2 


, 
A 3 =i A ot <j 
(b) [5 -2 1) =(-2)15 1. 1|=(-2):0=0 = 
(a 7 «2 <2 


Theorem 8.5.6 Determinant of a Matrix Product 


Tf A and B are both n X n matrices, then det AB = det A - det B. 


In other words, the determinant of a product of two n X n matrices is the same as the product of 
the determinants. 


| EXAMPLE3 | Determinant of a Matrix Product 


2 6 3° -4 —-12 22 
Suppose A = and B = . Then AB = . Now 
1 =1 =3 5 6 


det AB = —24, det A = —8, det B = 3, and so we see that 


det A - det B = (—8)(3) = —24 = det AB. 


Theorem 8.5.7 Determinant Is Unchanged 


Suppose B is the matrix obtained from an n X n matrix A by multiplying the entries in a row 
(column) by a nonzero real number k and adding the result to the corresponding entries in 
another row (column). Then det B = det A. 


| EXAMPLE4 | A Multiple of a Row Added to Another 


) 1 2 
Suppose A = | 3 0 7 | and suppose the matrix B is defined as that matrix obtained 
4 -1 4 


from A by the elementary row operation 


5 1 5 41 2 
—3R, +R 
A=|3. OF > 3 0 7)=B 
4 -1 4 -11 -4 -2 


Expanding by cofactors along, say, the second column, we find det A = 45 and det B = 45. 
You should verify this result. = 


Theorem 8.5.8 Determinant of a Triangular Matrix 


Suppose A is ann X n triangular matrix (upper or lower). Then 
det A = (ehiieiyy 099 (he) 


where 41, 97, -.-, Any are the entries on the main diagonal of A. 


PROOF: We prove the result for a 3 X 3 lower triangular matrix 


A= | ay dp 0 


43; 432 33 
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Expanding det A by cofactors along the first row gives 


a2 
det A = ay, = Ay\(9433 — 0 + 439) = A 14y72033. 


32 33 


| EXAMPLE5 | Determinant of a Triangular Matrix 


(a) The determinant of the lower triangular matrix 


3 0 0 0 
2 
ce 6 0 0 
5 9 —4 0 
7 2 4 -2 
3 0 0 0 
2 6 ) 
is det A = 3-6-(—4): (-2) = 144. 
5 9 —-4 
a 2 4 -2 
-3 0 0 
(b) The determinant of the diagonal matrix A = 0 6 O]is 
0 0 4 
-3 0 0 
dettA=]|] 0 6 O} =(—3):6:4=—72 = 
0 0 4 


Hi Row Reduction Evaluating the determinant of ann X n matrix by the method of cofac- 
tor expansion requires a Herculean effort when the order of the matrix is large. To expand the 
determinant of, say, a5 X 5 matrix with nonzero entries requires evaluating five cofactors that 
are determinants of 4 < 4 submatrices; each of these in turn requires four additional cofactors 
that are determinants of 3 X 3 submatrices, and so on. There is a more practical (and program- 
mable) method for evaluating the determinant of a matrix. This method is based on reducing the 
matrix to a triangular form by row operations and the fact that determinants of triangular matri- 


ces are easy to evaluate (see Theorem 8.5.8). 


| EXAMPLE6 | Reducing a Determinant to Triangular Form 


6 20°79 
Evaluate the determinant of A= | —4 —3 2 
2 4 8 
SOLUTION 
6 2 7 
dettA=|-4 -3 2 
2 4 8 
6 2 7 
=2!-4 -3 2 < 2 is acommon factor in third row: Theorem 8.5.5 
1 2 
1 2 
=-2/-4 -3 < interchange first and third rows: Theorem 8.5.4 
6 2 


=-210 5 18 <4 times first row added to second row: Theorem 8.5.7 
6 2 7 
1 2 4 

= —21/0 5 18 < —6 times first row added to third row: Theorem 8.5.7 
0 —-10 —-I17 
12 4 

=-210 5 18 < 2 times second row added to third row: Theorem 8.5.7 
0 0 19 


= (-—2)(1)(5)(19) = —190 < Theorem 8.5.8 = 


Our final theorem concerns cofactors. We saw in Section 8.4 that a determinant det A of an 
n X n matrix A could be evaluated by cofactor expansion along any row (column). This means 
that the n entries a;, of a row (column) are multiplied by the corresponding cofactors C;; and the 
n products are added. If, however, the entries a; of a row (a; of a column) of A are multiplied by 
the corresponding cofactors C,; of a different row (C;, of a different column), the sum of the 
n products is zero. 


Theorem 8.5.9 A Property of Cofactors 


Suppose A is ann X n matrix. If aj), dj, ..., Gin are the entries in the ith row and Cy, Cy, .--, 
C,, are the cofactors of the entries in the kth row, then 


Gia +t Gn€p b= a,Cy, — 0 tore ak. 


If ay;, dyj,..., Gy; are the entries in the jth column and Ci, Cy, ..., C, are the cofactors of the 
entries in the kth column, then 


AyjCix “F Anj Coy +e. + OiOne =0 for/ # Kk. 


PROOF: We shall prove the result for rows. Let B be the matrix obtained from A by letting the 
entries in the ith row of A be the same as the entries in the kth row—that is, 
Qj, = Ay, An = Aja, +++, Ain = Ayn. Since B has two rows that are the same, it follows from Theorem 
8.5.2 that det B = 0. Cofactor expansion along the kth row then gives the desired result: 


0 = det B= ay Cy + dyCy +++ + nC 


= dy + pC +++ + dinCen- 


| EXAMPLE7 | Cofactors of Third Row/Entries of First Row 


6 2 7 
Consider the matrix A= | —4  -—3 2 |]. Suppose we multiply the entries of the first row 
2 4 8 


by the cofactors of the third row and add the results; that is, 
C3, + dy>Cxy + ay3Cx, = 6 a +2 (- a ) + 7 ° a 
4 1©31 T Ay2€32 1 413033 49 -4 2 aa: 8 


= 6(25) + 2(—40) + 7(-10) = 0. 
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In Problems 1-10, state the appropriate theorem(s) in this 4a; — 204, G@ Qa 
section that justifies the given equality. Do not expand the 16. |4b, — 2b; b, db; 
determinants by cofactors. Se c. te te 
1 2) |3 4 1 2} [1 2 
‘ja 4, 1 2 2. 3 Al |4 6 In Problems 17-20, evaluate the determinant of the given matrix 
without expanding by cofactors. 
5 6 1 6 100 100 6 1 8 10 
a) ale |-6 -s| 4. 10 0 2) =-2I|0 1 0 2 7 9 0 0 a; 
010 00 1 7. A= 6 0 4 9 18. B= 0 A727  An3 
a3, G3. a 
io 3 2a 4 00 0 -5 ae = 
5. |4 2 18) =6|2 1 3 =5 .0°°0 07 O 
5 9 =12 5 9 —-4 19. C= 07 :~0 22. D={|4 0 0O 
12 3 [42 18 one ae: 
6 |4 2 18|=1|5 9 -12 In Problems 21 and 22, verify that det A = det A’ for the given 
a eb) 12 3 matrix A. 
12 1 2 3 
050 6 302 4 2.A=|4 1 -1 2. A={10 £5 
210 8 = = 
i =o @|2 6 3/=0 oui iy = 
020 -9 5-3 —4 23. Consider the matrices 
OS. = 2-1 1 2 13 
1 2 3 1 7 A= 3 1 -l and B= 4 3 8 
9 |4 5 6} =|2 5 8 0 2 2 0-10 
78 9 369 Verify that det AB = det A- det B. 
24. Suppose A is ann X n matrix such that A? = I. Then show 
100 0 0001 that det A = +1. 
0 2 0 0 002 0 25. Suppose A is ann X n matrix such that A? = A. Then show 
= PP 
10. 003 0 1/0300 that either det A = 0 or det A = 1. 
0004 4000 26. If A and B are n X n matrices, then prove or disprove that 


det AB = det BA. 


In Problems | 1—16, evaluate the determinant of the given matrix 27. Consider the matrix 


using the result aat+lat2 
A=|1b b+1b+2 


a, ay a3 
i, be BSS ¢ er 1 ¢+2 
Bie se: “Ge Without expanding, evaluate det A. 
28. Consider the matrix 
a; a, a, 2a, G a; 1 1 1 
11. A= |b, b, dD, 12. B= | 6b, 3b, 3b, A= x y Zz 
C3 Co Cy 2G; Cy C3 YRZ TS Koy 
—a, —a —a, Without expanding, show that det A = 0. 
13. C = by by bs In Problems 29-36, use the procedure illustrated in Example 6 
C= ay Cy — Ay C3 — a to evaluate the determinant of the given matrix. 
a db, Cy 1 15 24 #5 
4 D=|aq bh co 292 14 3 6 30. |4 2 O 
a, bz ©¢3 0 -1 1 8 7 -2 
a, — 2b, + 3c, dy — 2by + 3c. a3 — 2b3 + 303 -1 2 3 —2 2 -6 
15. b by bs 31. 4 =§ =—2 32. 5 0 1 
Cy Cy C3 9 =9 6 i=2; 
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38 


J -=2 21 0145 In Problems 39 and 40, verify Theorem 8.5.9 by evaluating 
2 12 3 as. G4 Ax{C1, + AnCyy + Ao3Cj3 and Ay3C 12 + Gy3C a7 + 33C3z for the 
3 4-8 1 34. 1220 given matrix. 
3 -ll 12 2 3 13 2 1 12 30. <5 
39. A=|{-1 21 4. A=|-2 3 -l 
123 4 29 1 8 eo 4 22-3 
135 7 - 1374 
236 7 “10 16:3 3 -4 7 #4 ; 
15 8 20 3142 4. Let A = é ;) and B = (7 2) verity that 
: : det(A + B) # det A + det B. 
ee 42. Suppose A is a5 X 5 matrix for which det A = —7. What is 
Laid the value of det(2A)? 
a b c| =(b-—ac— ale -— bd). 43. Ann X nmatrix A is said to be skew-symmetric if A’ = —A. 
a b? ¢? If Aisa5 X 5 skew-symmetric matrix, show that det A = 0. 
44. It takes about n! multiplications to evaluate the determinant 
! 1 1 1 of ann X n matrix using expansion by cofactors, whereas it 
a bee d : takes about n°/3 arithmetic operations using the row-reduction 
edie a b? c dl" [Hint: See Problem 37.] method. Compare the number of operations for both methods 
a pe ee using a 25 X 25 matrix. 


Inverse of a Matrix 


INTRODUCTION = The concept of the determinant of ann X n, or square, matrix will play an 
important role in this and the following section. 


8.6.1 Finding the Inverse 


In the real number system, if a is a nonzero number, then there exists a number b such that ab = 
ba = 1. The number d is called the multiplicative inverse of the number a and is denoted by a |. 
For a square matrix A it is also important to know whether we can find another square matrix B 


of the same order such that AB = BA = I. We have the following definition. 


Definition 8.6.1 Inverse of a Matrix 


Let A be ann X n matrix. If there exists ann X n matrix B such that 
AB = BA=L (1) 


where I is the n X n identity, then the matrix A is said to be nonsingular or invertible. The 
matrix B is said to be the inverse of A. 


1 
For example, the matrix A = (; ') is nonsingular or invertible since the matrix 


1 =] 
B= € s) is its inverse. To verify this, observe that 
2 1 1 =! 1 O 
1 1/\-1 2 0 1 
1 —-1\/2 1 1 O 
and BA = = =I. 
=] 2/\1 1 0 1 


Unlike the real number system, where every nonzero number a has a multiplicative inverse, 
not every nonzero n X n matrix A has an inverse. 
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| EXAMPLE1 | Matrix with no Inverse 


1 1 b b 
The matrix A = € ) has no multiplicative inverse. To see this suppose B = ( = | 


Then by by. 
AB = é oe -) _ & + by Dio + oe), 
0 O/\d, by 0 0 


Inspection of the last matrix shows that it is impossible to obtain the 2 X 2 identity matrix I, 
because there is no way of selecting b,,, b,7, by,, and b>, to get | as the entry in the second row 


1 1 
and second column. We conclude that the matrix A = ‘ ) has no inverse. = 


Ann X n matrix that has no inverse is called singular. If A is nonsingular, its inverse is 
denoted by B = A“. 

Note that the symbol — | in the notation A’! is not an exponent; in other words, A’! isnota 
reciprocal. Also, if A is nonsingular, its inverse is unique. 


I Properties The following theorem lists some properties of the inverse of a matrix. 


Theorem 8.6.1 Properties of the Inverse 


Let A and B be nonsingular matrices. Then 
CO) Ss 

GAB = ha as 

(ii) (AY * = (A! 


PROOF OF (7): This part of the theorem states that if A is nonsingular, then its inverse A”! 
is also nonsingular and its inverse is A. To prove that A’ ' is nonsingular, we have to show that 
a matrix B can be found such that A-'B = BA ' = I. But since A is assumed to be nonsingu- 
lar, we know from (1) that AA”! = A7'A = Tand, equivalently, A'A=AA!=TI. The last 
matrix equation indicates that the required matrix, the inverse of A_', is B = A. Consequently, 
(AY T=A., = 


Theorem 8.6.1(ii) extends to any finite number of nonsingular matrices: 
(AjAg--- Ay)! = Ag'AG ATS 


that is, the inverse of a product of nonsingular matrices is the product of the inverses in reverse order. 

In the discussion that follows we are going to consider two different ways of finding A“! for 
a nonsingular matrix A. The first method utilizes determinants, whereas the second employs the 
elementary row operations introduced in Section 8.2. 


Hi Adjoint Method Recall from (6) of Section 8.4 that the cofactor C; of the entry a; of an 


n Xn matrix A is Cy = (- DM, where M;; is the minor of ay; that is, the determinant of the 


(n — 1) X (n — 1) submatrix obtained by deleting the ith row and the jth column of A. 


Definition 8.6.2 | Adjoint Matrix 


Let A be ann X n matrix. The matrix that is the transpose of the matrix of cofactors corre- 
sponding to the entries of A: 


Cin Cim 8° Ci : Ci Coy 28° Co 
Cy Cy ae On = Cy Cy te Ci 
Cai Cro te Cy Cin Con peas (Om 


is called the adjoint of A and is denoted by adj A. 


The next theorem will give a compact formula for the inverse of a nonsingular matrix in 
terms of the adjoint of the matrix. However, because of the determinants involved, this method 
becomes unwieldy for n = 4. 


Theorem 8.6.2 Finding the Inverse 


Let A be ann X n matrix. If det A # 0, then 
rel 


PROOF: For brevity we prove the case when n = 3. Observe that 


iA. 2 
ea) ad) (2) 


4, 42 443 Cy Cy Cy 
A(adj A) = | a; ay. 3 Cp Cy C32 
43; 432 433 Cy3 Cy3 C33 
(3) 
det A 0 0 
= 0 det A 0 
0 0) det A 


since det A = aj,C + ajCj2 + aj3Cj3, for i = 1, 2, 3, are the expansions of det A by cofactors 
along the first, second, and third rows, and 


Ay Cy + ApyCy + a43C23 = 0 
Ay Cy + AyCiy + ao3C 13 = O 


A3,C\y + Ay2Cyy + a33C}3 = O 


Ay,C3, + Ay2C32 + a43C33 = O 
Ay,C3, + Az2C32 + A73C33 = O 


3,Cy, + 432Cyy + 33C23 = O 


in view of Theorem 8.5.9. Thus, (3) is the same as 
1 0 O 
A(adj A) = (det A)} 0 1 O | = (det ADI 
0 0 1 


or A((1/det A) adj A) = I. Similarly, it can be shown in exactly the same manner that 
((1/det A) adj A)A = I. Hence, by definition, A’! = (1/det A) adj A. 


For future reference we observe in the case of a2 X 2 nonsingular matrix 


he & 2) 
Ay, — Az2 
that the cofactors are C,; = dy), Cjy = —ay,, Cy, = —ay7, and Cy) = aj,. In this case, 
adj A= & a = ( Ay2 ) = ( ay2 — 
Cy Cy ~a12 ai ~ay\ ay 
It follows from (2) that 
a 1 a9 = 
= ( 2 a) (4 
det A ~~) ay, 
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For a3 X 3 nonsingular matrix 


en 422 433 Co=- 42, 43 e 421 y2 
432 433 43; 433 a3; 32 
and so on. After the adjoint of A is formed, (2) gives 
1 Cr Cy Ca 
a anA eo he Se (5) 
Cy3 Cy Cos 


| EXAMPLE2 | Inverse of a Matrix 


1 4 
Find the inverse of A = ( ) 
2 10 


SOLUTION Since det A = 10 — 8 = 2, it follows from (4) that 
ati (9 =! 5 = 
2-2 ff =) 3 
= —-4 -2+ 
ee aat=(} *)( 5 ell S42 )= (i ’) 
2. 17-1. 3s IQ =19 =4. 45 01 
=2\/1 4 4.30 =3 1 
maf Ye wo) (aes 203) - G6) 
=1 45/\2 10 -1+1 -44+5 01 


| EXAMPLE3 | Inverse of a Matrix 


2 2 0 
Find the inverseofA =] —2 1 1 
3 0 1 


SOLUTION Since det A = 12, we can find A ' from (5). The cofactors corresponding to the 
entries in A are 


Gah Ter “Gel 15. Gel ess 
ey |< | 3 1 ' 3 0 
2 0 2 0 2 2 
Ce =-2 Cy= =9 C3 =- = 6 
- f i - ; i ” : A 
2 16 2 0 2 2 
= =9 =- =-2 = =6. 
Cs f Cn i Os Le i 6 
From (5) we then obtain 
if 12 WA fe 43 
eS es. 2 SS a & Ss 
12 — al £ - 
3 6 6 4 2 2 


The reader is urged to verify that AA’ = A-'A = I. 


We are now in a position to prove a necessary and sufficient condition for ann X n 
matrix A to have an inverse. 


Theorem 8.6.3 Nonsingular Matrices and det A 


Ann X n matrix A is nonsingular if and only if det A # 0. 


PROOF: We shall first prove the sufficiency. Assume det A # 0. Then A is nonsingular, since 
A ' can be found from Theorem 8.6.2. 

To prove the necessity, we must assume that A is nonsingular and prove that det A # 0. Now 
from Theorem 8.5.6, AA ' = A-'A = T implies 


(det A)(det A~!) = (det A~')(det A) = det I. 
But since det I = | (why?), the product (det A)(det A~') = 1 # 0 shows that we must have 
det A # 0. = 


For emphasis we restate Theorem 8.6.3 in an alternative manner: 


Ann X nmatrix A is singular if and only if det A = 0. (6) 
| EXAMPLE4 | Using (6) 


2 


3 
det A = 6—-6=0. = 


2 
The 2 X 2 matrix A = ( has no inverse; that is, A is singular, because 


Because of the number of determinants that must be evaluated, the foregoing method for 
calculating the inverse of a matrix is tedious when the order of the matrix is large. In the case of 
3 X 3 or larger matrices, the next method is a particularly efficient means for finding A!. 


Hi Row Operations Method Although it would take us beyond the scope of this book to 
prove it, we shall nonetheless use the following results: 


Theorem 8.6.4 Finding the Inverse 


If ann X n matrix A can be transformed into the n X n identity I by a sequence of elementary 
row operations, then A is nonsingular. The same sequence of operations that transforms A 
into the identity I will also transform I into A‘ !. 


It is convenient to carry out these row operations on A and I simultaneously by means of an 
n X 2n matrix obtained by augmenting A with the identity I as shown here: 


a, Ay a,,|1 0 0 
(AID = dat ay eee Bon 0) 1 ees @) 
ant an2 or nn 0 0 eS 1 


The procedure for finding A ' is outlined in the following diagram: 


Perform row operations on 
A until Tis obtained. This 
means A is nonsingular. 


Vv 
({A| ||} d | At) 
A 


By simultaneously applying 
the same row operations to 
I we get A. 
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| EXAMPLES | Inverse by Elementary Row Operations 


2 0 1 
Find the inverseof A= | —-2 3 4 
-5 5 6 


SOLUTION We shall use the same notation as we did in Section 8.2 when we reduced an 
augmented matrix to reduced row-echelon form: 


20 1/1 00) | 10 5/5 00 
—2 3 4/0 1 Oo] S&S | -2 3 4/0 1 0 
-5 5 6/0 0 1 -5 5 6/0 0 1 
* aie 
od ee 
=> [0 3 5/1 10 
05 #1301 
m1 0 $/4 0 0 
me | Lele a « 
O 1 lz 0 5 
1y1 
pin {! 9 2/2 0 0 
> {01 3/1} ¢0 
00 fs 4 
1 515 0 0 
30R; 
=> 10 1 2/4 : 0 
00 1/5 -10 6 
“th (1 0 O]-2 5 -3 
—3R, +R 
“>"{0 1 O0|-8 17 -10 
0 0 


1; 5 —-10 6 


Since I appears to the left of the vertical line, we conclude that the matrix to the right of the line is 


=2 Pe] =3 
A=] -8 17. —10 }. = 
5 —10 6 


If row reduction of (AID) leads to the situation 


row 
operations 


(AD => (BIO, 


where the matrix B contains a row of zeros, then necessarily A is singular. Since further reduction 
of B always yields another matrix with a row of zeros, we can never transform A into I. 


| EXAMPLE6 | A Singular Matrix 


1 -l -2 
The matrix A = | 2 4 5 | has no inverse, since 
6 0 -3 
1 —-1l -—-2/]1 00 1 -l -2 100 
—2R, +R 
2; 4 5/0 1 0 => 0) 6 9|}-2 1 0 
6 0 -3/0 0 1 6 0 -3 00 1 
1 -l -2 1 0 0 
—OR, + Ry 
=> 0 6 9|/-2 1 0 
0 6 9|-6 0 1 


= |0 6 S\/=2 1 0 
0 O O};-4 -1 1 


Since the matrix to the left of the vertical bar has a row of zeros, we can stop at this point and 


conclude that A is singular. 


8.6.2 Using the Inverse to Solve Systems 


A system of m linear equations in n variables x,, x2, ..., x 


bi n? 
QyjX1 + AyyX. + +++ + ay,X, = dD, 


Ay X1 + AgXy + +++ + Any X, = by 


AmiX1 + AnrX2 aise a Qin = Dy, 


can be written compactly as a matrix equation AX = B, where 


41 G2 7 Ain x) by 

Gy, 492," Ay xX by 
A = . . > x = ‘ B = z 

ani an2 Ann Xn b 


m 


(7) 


Hi Special Case Let us suppose now that m = n in (7) so that the coefficient matrix A is 
n X n. In particular, if A is nonsingular, then the system AX = B can be solved by multiplying 
both of the equations by A~!. From A7!(AX) = A7'B, we get (A7'A)X = A7'B. Since 


A’'A = Tand IX = X, we have 
X=A'!B. 


| EXAMPLE7 | Using (8) to Solve a System 


Use the inverse of the coefficient matrix to solve the system 
2x, — 9x, = 15 
3x, + 6x) = 16. 
SOLUTION The given system can be written as 


(a) = Cs) 


(8) 


Zz =9 
Since 3 = 39 # 0, the coefficient matrix is nonsingular. Consequently, from (4) we get 


6 


G4) vals 2) 
3 6 39 \-3 2) 
Using (8) it follows that 


(S) = a5(5 2)lis) 355) 


and so x, = 6and x, = —}. 


lI 
7" ~ 
a ion 
ees 


| EXAMPLES | 8 Using (8) to Solve a System 


Use the inverse of the coefficient matrix to solve the system 
24; x3 =2 
—2x, + 3x, + 4x, =4 
—5x, + 5x, + 6x3 = —1 
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SOLUTION We found the inverse of the coefficient matrix 


2 0 
A=|-2 3 
=): 3) 6 
in Example 4. Thus, (8) gives 
xy 2. Tye 2 =2 a» =3 2 19 
x J=Hl_—23 4 4}=]| -8 17 —10 4])= 62 
X3 =) > 6 = 5 —10 6/ \-1 —36 


Consequently, x, = 19, x. = 62, and x, = —36. 


I Uniqueness When det A ¥ 0 the solution of the system AX = B is unique. Suppose 
not—that is, suppose det A # 0 and X, and X, are two different solution vectors. Then AX, = 
and AX, = Bimply AX, = AX;,. Since A is nonsingular, A’! exists, and so A” '(AX,) = A’ '(AX,) 
and(A~'A)X, = (A 'A)X;. This gives IX, = IX, or X,; = X,, which contradicts our assumption 
that X, and X, were different solution vectors. 


1 Homogeneous Systems A homogeneous system of equations can be written AX = 0. 
Recall that a homogeneous system always possesses the trivial solution X = 0 and possibly an 
infinite number of solutions. In the next theorem we shall see that a homogeneous system of n 
equations in n variables possesses only the trivial solution when A is nonsingular. 


Theorem 8.6.5 Trivial Solution Only 


A homogeneous system of n linear equations in n variables AX = 0 has only the trivial 
solution if and only if A is nonsingular. 


PROOF: We prove the sufficiency pa of the theorem. Suppose A is nonsingular. Then by (8), 
we have the unique solution X = A-'0 = 0. — 


The next theorem will answer the question: When does a homogeneous system of n linear 
equations in 7 variables possess a nontrivial solution? Bear in mind that if a homogeneous system 
has one nontrivial solution, it must have an infinite number of solutions. 


Theorem 8.6.6 Existence of Nontrivial Solutions 


A homogeneous system of n linear equations in n variables AX = 0 has a nontrivial solution 
if and only if A is singular. 


In view of Theorem 8.6.6, we can conclude that a homogeneous system of n linear equations 
inn variables AX = 0 possesses 


¢ only the trivial solution if and only if det A # 0, and 
¢ anontrivial solution if and only if det A = 0. 


The last result will be put to use in Section 8.8. 


REMARKS 


(i) As a practical means of solving n linear equations in n variables, the use of an inverse 
matrix offers few advantages over the method of Section 8.2. However, in applications we 
sometimes need to solve a system AX = B several times; that is, we need to examine the 
solutions of the system corresponding to the same coefficient matrix A but different input 
vectors B. In this case, the single calculation of A” ' enables us to obtain these solutions quickly 
through the matrix multiplication A” 'B. 


(ii) In Definition 8.6.1 we saw that if A is ann X n matrix and if there exists another n X n 
matrix B that commutes with A such that 


AB=I and BA=I, (9) 


then B is the inverse of A. Although matrix multiplication is in general not commutative, the 
condition in (9) can be relaxed somewhat in this sense: If we find ann X n matrix B for which 
AB = I, then it can be proved that BA = I as well, and so B is the inverse of A. As a conse- 
quence of this result, in the subsequent sections of this chapter if we wish to prove that a 
certain matrix B is the inverse of a given matrix A, it will suffice to show only that AB = I. 
We need not demonstrate that B commutes with A to give I. 


| 8.6 — Exercises Answers to selected odd-numbered problems begin on page ANS-17. 


8.6.1 Finding the Inverse 


In Problems | and 2, verify that the matrix B is the inverse of the 


matrix A. 


1 3 i 
ran(; 7) eal ) 
2 


1 -1 0 2 =1 2 
2, A= | 3 0 2}, B= | =] 2 
1 1 1 =3 Z 3 


In Problems 3—14, use Theorem 8.6.3 to determine whether the 


given matrix is singular or nonsingular. If it is nonsingular, use 
Theorem 8.6.2 to find the inverse. 


5 ( 6 ’) 5 ee = 
=3- 2 —7 7 
1 3.5 2 3 - 0 
7. [ 4 , 8. 0 11 14 
1 -1 1 -1 4 7 
1 2 3 2. -=1 5 
9. 0 -4 2 10. [ 0 -2 
—1 1 1 4 0 
3 0 O 0 2 0 
11. ° 6 6 60 12. (° 0 1 
0 0 -2 8 0 0 
Oe | 1 4 1211 
3 3 2 -2 1 a 00 3 0 
0 4 O 1 3 1 2 0 
1 0 -1 I 1 1 1.0 


In Problems 15—26, use Theorem 8.6.4 to find the inverse of the 
given matrix or show that no inverse exists. 


ae 
0 


6 —2 
15. 

0 4 

1 3 
17. 

> 3 


16. 


18. 


( 


2 


=2 


1 


2 


) 


’ 


12 3 1 0 -l 
19 | 4 5 6 20. | 0 —2 1 
7 8 9 2. =1 3 
4 2 3 2 4 =2 
21. 2 1 0 22. |4 2 -2 
-1 -2 0 8 10 —6 
=] 3 0 I 22. 3 
23. 1 2 1 244. ;0 1 4 
0 1 2 0 0 8 
12 3 1 100 0 
-1 0 2 1 0 0 1 0 
25. 26. 
2 1 -3 0 000 1 
1 1 2 1 0 1 0 0 


In Problems 27 and 28, use the given matrices to find (AB)! 


27. 


28. 


29. 
30. 


31. 


32. 
33. 


ae 


NIW MIN 
NS 
os 

| 

ll 
| a 
ts WIN 
NI wis 
So 


Ne wpe 


i 3 =13 —{:] @ 
Mal =i 64, t= |) o 0 
= ee 11-2 


4 3 
IfA! = ( ) whats A? 
3 2 
If A is nonsingular, then (A’)~! = (A~!). Verify this for 
1 4 
ke ( ) 
2 10 


=3 
Find a value of x such that the matrix A = ( ) is its 
— 


own inverse. 
cosé 
—cos@ sing] 


Find the inverse of A = ( 
A nonsingular matrix A is said to be orthogonal if A~' = A‘. 
(a) Verify that the matrix in Problem 32 is orthogonal. 


sin@ 


V3 0 -2/V6 
(b) Verify that A= [1/V3 9 1/V2_— 1/6 | isan 
V3 -1/V2  1/V6 


orthogonal matrix. 


. Show that if A is an orthogonal matrix (see Problem 33), then 


det A = +1. 


. Suppose A and B are nonsingularn X n matrices. Then show 


that AB is nonsingular. 
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36. Suppose A and B aren X n matrices and that either A or B 
is singular. Then show that AB is singular. 

37. Suppose A is a nonsingular matrix. Then show that 
det A’! = 1/det A. 

38. Suppose A’ = A. Then show that either A = Tor A is singular. 

39. Suppose A and B aren X n matrices, A is nonsingular, and 
AB = 0. Then show that B = 0. 

40. Suppose A and B aren X n matrices, A is nonsingular, and 
AB = AC. Then show that B = C. 

41. Suppose A and B are nonsingular n X n matrices. Is A + B 
necessarily nonsingular? 

42, Suppose A is a nonsingular matrix. Then show that A’ is 
nonsingular. 

43. Suppose A and B aren X n nonzero matrices and AB = 0. 
Then show that both A and B are singular. 

44. Consider the 3 x 3 diagonal matrix 


a, OO O 
A= 0 Qn2 0 
0 0 433 


Determine conditions such that A is nonsingular. If A is 
nonsingular, find A '. Generalize your results to an 
n X n diagonal matrix. 


8.6.2 Using the Inverse to Solve Systems 


In Problems 45 —52, use an inverse matrix to solve the given 
system of equations. 


45. x, +x,=4 46. x,- % =2 
2x; — xX = 14 2x, + 4x). = —5 
4]. 4x, — 6%) =6 48. x, + 2x, =4 
2x, + m= 1 3x, + 4x) = —3 
49. x, + w= -4 50. x, - x» + 43 =1 


xX, +X. +23 =0 2x, + XxX. + 2x3, = 2 
5x1) — Xo =6 3x, + 2x. - x= —3 
51. x, + 2x, + 2x3 = 1 52.0 XxX) — X3 =2 
X, — 2x) + 2x, = —3 Xo + x3 = 1 
3x, — X) + 5x3 = 7 =X, +X) + 2x3 + x4 = —5 
x3 —- xX, =3 
In Problems 53 and 54, write the system in the form AX = B. 
Use X = A’ 'B to solve the system for each matrix B. 
53. 7x, — 2x, = b, 
3x, — 2X, = by, 


54. x, + 2x, + 5x3 = bd, 
2x, + 3x. + 8x3 = by 
XxX, +X + 2x3 = bz, 


=I 3 0 
B= 4}, B=|{3], B=] -5 
6 3 4 


In Problems 55—58, without solving, determine whether the 
given homogeneous system of equations has only the trivial 
solution or a nontrivial solution. 


55. x, + 2x, - x3=0 56. 
4x, -— xX + x3, =0 
5x, + xX) — 2x, =0 


xX, + + 1% =0 
X,— 2x. + 1% =0 
—2x, + XxX) — 2x, =0 
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52. xy + HX, tx, =0 5B. x, +x. -— x3 +x, =0 
5x2 + 2x, = 0 Xy +X +3 - X= 0 
xy x3—- %4 = 0 2X7) + 3 +X, = 0 
3x, + 2% — 43 +x, = 0 X_ — X3 — x4 = 0 
59. The system of equations for the currents i,, i, and i; in the 
network shown in FIGURE 8.6.1 is 


i+ i+ %=0 
—Ryi, + Roi, =E,-E, 
—R,i, + Ryi; = Es — E, 


where R, and E,, k = 1, 2, 3, are constants. 


(a) Express the system as a matrix equation AX = B. 
(b) Show that the coefficient matrix A is nonsingular. 
(c) Use X = A’ 'B to solve for the currents. 


Te ie ak 


Ey Ey E, 


FIGURE 8.6.1 Network in Problem 59 


60. Consider the square plate shown in FIGURE 8.6.2, with the tem- 
peratures as indicated on each side. Under some circumstances 
it can be shown that the approximate temperatures 1), U, U3, and 
u, at the points P,, P>, P3, and P,, respectively, are given by 


uy + uy + 100 + 100 


uy = 


A 
200 + uz + u, + 100 
Uy = 
4 
200 + 100 + uy + up 
Uy = 
4 
u, + 100 + 100 + u, 
uy = S 
4 
(a) Show that the above system can be written as the matrix 
equation 
—4 1 0 1 uy —200 
1 —-4 1 0 uy | _ | —300 
0 1 -4 1 Uy —300 
1 0 1 —4 U4 —200 


(b) Solve the system in part (a) by finding the inverse of the 
coefficient matrix. 


u = 200 


u= 100 


FIGURE 8.6.2 Plate in Problem 60 


8.7 | Cramer's Rule 


INTRODUCTION We saw at the end of the preceding section that a system of n linear 
equations in n variables AX = B has precisely one solution when det A # 0. This solution, as 
we shall now see, can be expressed in terms of determinants. For example, the system of two 
equations in two variables 


AyjX, + AynX) = dD, 


(1) 


1X1 + AyyX2 = by 
possesses the solution 


Didy. — Ayxby ay,b — diay 
x; = and Pi (2) 
11422 ~ Gj2491 11422 ~ jd) 


provided that a;,da.. — a@)d, # 0. The numerators and denominators in (2) are recognized as 
determinants. That is, the system (1) has the unique solution 


db, ay ay, d 
by ay ay, by 
So » y= (3) 
41 42 41 42 
4, Ag 4, gg 
a, 42 


provided that the determinant of the matrix of coefficients # 0. In this section we 


generalize the result in (3). 


421 422 


[| Using Determinants to Solve Systems For a system of n linear equations in n 
variables 


yjX1 + AyyXy +--+ + a4,x, = Dy 


Ay 1X1 + AgyXy + +++ + Ay, X, = Dy 


(4) 
Ay 1X] + An2X2 ate oP AnyXn b, 


it is convenient to define a special matrix 


kth column 
AQ, Ay 7 Aye-y Dy Ae in 
Gy, Ay Aggy Agee On 
A, = (5) 
Gnt an2 cas Ank-1 Db, Ank+1 i Qin 


In other words, A, is the same as the matrix A except that the kth column of A has been replaced 
by the entries of the column matrix 


The generalization of (3), known as Cramer’s rule, is given in the next theorem. 
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Theorem 8.7.1 Cramer’s Rule 


Let A be the coefficient matrix of system (4). If det A # 0, then the solution of (4) is given by 


det A, det A, = det A, 
Gepae, > eA ea 


where A,, k = 1, 2,..., , is defined in (5). 


(6) 


fo = 


PROOF: We first write system (4) as AX = B. Since det A # 0, A”! exists, and so 


Cy Gy ot Cn Db 

X=A'B= 1 Cy Cy + Cy by 
detA| : : ; 

Cin Con 7 Cun Db, 


DiCy + byCy, + + B,Cyy 
1 DiC + byCy ++ + DACy2 
det A : 


biCi, = DC, eer DiCin 


Now the entry in the kth row of the last matrix is 


Di Cig + DyCye Fo + Dy Cue 


det A (7) 


Xk 


But b,C,, + boCy +--+: + b,C,, is the cofactor expansion of det A;, where A, is the matrix given 
in (5), along the kth column. Hence, we have x, = det A;/det A for k = 1, 2,...,n. = 


| EXAMPLE1 | Using Cramer's Rule to Solve a System 


Use Cramer’s rule to solve the system 


3x, + 2% + x3=7 
X}— xX) + 3x3 = 3 


5x, + 4x, — 2x3 = 1. 


SOLUTION The solution requires the evaluation of four determinants: 


3 2 1 2 1 
detA = |1 —1 3} = 13, det A, = [3 -1 3] = —39, 
> 4 =2 1 4-2 
3 7 1 3 2 +7 
det A, = 3 3) = 78, det A, = {1 —1 3} = 52. 
3 he 5 4 1 
Thus, (6) gives 
— detA; _ detA, _ _ det A; _ = 
; detA ~ ° dettA °°? detA a 


REMARKS 


Like the method of the preceding section, Cramer’s rule is not a very practical means for 
solving systems of n linear equations in n variables. For n = 4, the work required to evaluate 
the determinants becomes formidable. Nonetheless, as we saw in Section 3.5, Cramer’s rule 


is used sometimes, and it is of theoretical importance. 

In the application of Cramer’s rule, some shortcuts can be taken. In Example 1, for instance, 
we really did not have to compute det A; since once we found the values of x, and x, the value 
of x3 can be found by using one of the equations in the system. 


[eee] Exercises Answers to selected odd-numbered problems begin on page ANS-17. 


In Problems 1—10, solve the given system of equations by 
Cramer’s rule. 


1. 


11. 


12. 


13. 


. O.1x, — 0.4%, = 0.13 4. 


—3x, + x =3 2. 
2x, — 4% = —6 


x, tx, =4 
2x; — X, = 2 


0.21x, + 0.57x, = 0.369 


Xy- x» =04 O.1x, + 0.2x, = 0.135 
. 2xn+t y=l 6 5r+4s=-1 
3x + 2y = —2 10r — 6s =5 
Xx, — 2X) — 3x3 = 3 8 xy — X, + 6x3 = —2 
Xp+ %- %=5 —x, + 2x + 4x, =9 
3x, + 2x, =-4 2x, + 3x - x3 = 5 
u+2v+ w=8 10. 4x + 3y + 2z7=8 


2u—2v+2w=7 =r 2z = 12 
u—4v+3w=1 3x +2y+ z7=3 
Use Cramer’s rule to determine the solution of the system 


(2 — x, + kx =4 
kx, + 8 — Wx, = 3. 


For what value(s) of k is the system inconsistent? 
Consider the system 


x,+ x =1 


xX, + Ex, = 2. 


When ¢ is close to 1, the lines that make up the system are 
almost parallel. 
(a) Use Cramer’s rule to show that a solution of the system 
is 
\ 1 1 
aa ca 
(b) The system is said to be ill-conditioned since small 
changes in the input data (for example, the coefficients) 
causes a significant or large change in the output or solu- 
tion. Verify this by finding the solution of the system for 
eé = 1.01 and then for e = 0.99. 
The magnitudes 7; and T, of the tensions in the support wires 
shown in FIGURE 8.7.1 satisfy the equations 


e-—1- 


(cos 25°)T,; — (cos 15°)T, = 0 
(sin 25°)T, + (sin 15°)T, = 300. 


14. 


15. 


Use Cramer’s rule to solve for 7, and 73. 


300 Ib 
FIGURE 8.7.1 Support wires in Problem 13 


The 400-Ib block shown in FIGURE 8.7.2 is kept from sliding down 
the inclined plane by friction and a force of smallest magnitude F: 
If the coefficient of friction between the block and the inclined 
plane is 0.5, then the magnitude of the frictional force is 0.5N, 
where Nis the magnitude of the normal force exerted on the block 
by the plane. Use the fact that the system is in equilibrium to set 
up a system of equations for F and NV. Use Cramer’s rule to solve 
for F and N. 


FIGURE 8.7.2 Inclined plane in Problem 14 


As shown in FIGURE 8.7.3, a circuit consists of two batteries 
with internal resistances r, and r, connected in parallel with 
aresistor. Use Cramer’s rule to show that the current through 
the resistor is given by 


rE, + nme, 
i= ; 
rR + rR + Po 


FIGURE 8.7.3 Circuit in Problem 15 
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/8.8| The Eigenvalue Problem 


INTRODUCTION If Ais ann X n matrix and K is ann X 1 matrix (column vector), then 
the product AK is defined and is another n X 1 matrix. It is important in many applications to 
determine whether there exist nonzero n X | matrices K such that the product vector AK is a 
constant multiple A of K itself. The problem of solving AK = AK for nonzero vectors K is called 
the eigenvalue problem for the matrix A. 


[| A Definition The foregoing introductory remarks are summarized in the next definition. 


Definition 8.8.1 Eignvalues and Eigenvectors 


Let A be ann X n matrix. A number J is said to be an eigenvalue of A if there exists a nonzero 
solution vector K of the linear system 


AK = AK. (1) 


The solution vector K is said to be an eigenvector corresponding to the eigenvalue A. 


The word eigenvalue is acombination of German and English terms adapted from the German 
word eigenwert, which, translated literally, is proper value. Eigenvalues and eigenvectors are 
also called characteristic values and characteristic vectors, respectively. 

Gauss—Jordan elimination introduced in Section 8.2 can be used to find the eigenvectors of 
a square matrix A. 


| EXAMPLE1 | Verification of an Eigenvector 


1 
Verify that K = | —1 | is an eigenvector of the 3 X 3 matrix 
1 
0 -l -3 
A= 2 3 3 
=o 1 1 


SOLUTION By carrying out the multiplication AK we see 


0 -1 -3 I =) 1 eigenvalue 
1 
AK = 2 3 3 }/ -l1]= 2 | = (—2)) -1 | = (-2)K. 
=2 1 1 1 =2 1 
We see from the preceding line and Definition 8.8.1 that A = —2 is an eigenvalue of A. = 


Using properties of matrix algebra, we can write (1) in the alternative form 
(A — ADK = 0, (2) 


where I is the multiplicative identity. If we let 
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then (2) is the same as 


(ay; — A)ky + Aygky oes + i,k, = 0 
An ky + (dy — AYky Fee + Ay, k, = 0 
(3) 
ayiky + Ark» apes ab (Ann ~ A)k,, = 0. 
Although an obvious solution of (3) is k, = 0, ky = 0,..., k, = 0, we are seeking only nontrivial 


solutions. Now we know from Theorem 8.6.5 that a homogeneous system of n linear equations 
inn variables has a nontrivial solution if and only if the determinant of the coefficient matrix is 
equal to zero. Thus to find a nonzero solution K for (2), we must have 


det(A — AD = 0. (4) 


Inspection of (4) shows that expansion of det(A — AD by cofactors results in an nth-degree poly- 
nomial in A. The equation (4) is called the characteristic equation of A. Thus, the eigenvalues 
of A are the roots of the characteristic equation. To find an eigenvector corresponding to an 
eigenvalue A, we simply solve the system of equations (A — AI)K = 0 by applying Gauss — Jordan 
elimination to the augmented matrix (A — AI/0). 


| EXAMPLE2 | Finding Eigenvalues and Eigenvectors 


Find the eigenvalues and eigenvectors of 


(i “2 
A= 6 -1 Oj}. (5) 
-1 -2 -1 


SOLUTION To expand the determinant in the characteristic equation 


1-A 2 1 
det(A — AI) = | 6 =1 = 4. 0 = 0, 


we use the cofactors of the second row. It follows that the characteristic equation is 


—M-NM+12A=0 or AAt+4(A-3)=0. 


Hence the eigenvalues are A, = 0, A, = —4, A3 = 3. To find the eigenvectors, we must now 
reduce (A — AI|0) three times corresponding to the three distinct eigenvalues. 
For A, = 0, we have 


1 2 1] 0\ ~&: +k 1 2 1/0 


Ri +Ry 
(A — OL10) = 6 —-l 0] 0 => 0 -13 -6]0 
=|) =2. = 1.0 0 0 0] 0 
12 1/0 10 4/0 
—Lr ‘ —2R) +R, = 
=> 0 1 7/0 => 0 1 7/0 
0 0 O;0 0 0 0|0 
Thus we see that k, = —73k;, and k, = —k,. Choosing k, = — 13 gives the eigenvector 
1 
K, = 6 
=13 
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For A, = —4, 


+ 27/0) ~% 1 2 -3/0 
(A + 4110) = 6 3 0/0 = 63 0/0 
—1 -2 3/0 5 2 1/0 
“+R (1 2 -3/0\ 3@ /1 2 -3/0 
—5R, +R; iRs 
=> 0 -9 18)]0 => 0 1 -2)0 
0 -8 16]0 0 1 -2)0 
-2R, +R, 10 110 
=Ry+R; 
=> 0 1 -2)0 
00 O;0 
implies k, = —k3 and k, = 2k;. Choosing k3 = | then yields a second eigenvector 
=1 
K, = 2 
1 
Finally, for A; = 3, Gauss—Jordan elimination gives 
=2 2 1/0 - 1 0 110 
operations 
(A — 3110)=| 6 -4 O]}0 => 0 1 3/0], 
-1 -2 -47)0 0 0 0] 0 
and so k, = —k, and k, = —3k;. The choice of k, = —2 leads to a third eigenvector, 
2 
K, = 3 = 
=2 
See Figure 8.3.1 on page 392 > It should be obvious from Example 2 that eigenvectors are not uniquely determined. For 
and reread ‘Theorem 8.2.2(7). example, in obtaining, say, K,, had we not chosen a specific value for k; then a solution of the 


homogeneous system (A + 41I)K = 0 can be written 


—k; ca 1 
K, 2k3 = k, 2 
k, 1 


The point of showing K, in this form is: 


A nonzero constant multiple of an eigenvector is another eigenvector. 


mel 
For example, A = 7 and K = ( ) are, in turn, an eigenvalue and corresponding eigenvector of 
3 
: 5 = a : 
the matrix A = 4 i) In practice, it may be more convenient to work with an eigenvec- 


tor with integer entries: 
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Observe that 


wae C3) -C aoa 


When ann X n matrix A possesses n distinct eigenvalues A,, A>, ..., A,, it can be proved that 


Mn 


a set of n linearly independent eigenvectors K,, K,,..., K,, can be found. However, when the 
characteristic equation has repeated roots, it may not be possible to find n linearly independent 
eigenvectors for A. 


| EXAMPLE3 | Finding Eigenvalues and Eigenvectors 


3.4 
Find the eigenvalues and eigenvectors of A = (3 \ 


SOLUTION From the characteristic equation 


g2)h 4 
det(A — AT) = 


=(\-—5yY= 
4 alt = 0 


we see A, = A, = 5 is an eigenvalue of multiplicity 2. In the case of a2 X 2 matrix, there is 
no need to use Gauss—Jordan elimination. To find the eigenvector(s) corresponding to A, = 5, 
we resort to the system (A — 51/0) in its equivalent form 


—2k, + 4k, = 0 
—k, + 2k, = 0. 


It is apparent from this system that k; = 2k,. Thus, if we choose k, = 1, we find the single 


2 
eigenvector K, = (7), = 


| EXAMPLE4 | Finding Eigenvalues and Eigenvectors 


9 1 1 
Find the eigenvalues and eigenvectorsofA=|1 9 1 
1 1 9 
SOLUTION = The characteristic equation 
9-A 1 1 
det(A — AT) = 1 9-2 1 (A— 11) - 8 =0 
1 1 9-2 


shows that A, = 11 and that A, = A; = 8 is an eigenvalue of multiplicity 2. 
For A, = 11, Gauss—Jordan elimination gives 


(A-11110)={ 1 -2 Ifo] ”"S™{o0 1 -1]0 
i «t 3/0 0 0 O/]0 
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Hence k, = k; and ky = k3. If k; = 1, then 


il 

K, =| 1 

di 

Now for A, = 8 we have 
1 1 1/0 row 1 1 1/0 
operations 

(A—8tio)=]1 1 1/0] — 0 0 0]0 
1 1 1/0 0 0 O]0 


In the equation k, + k, + k, = 0 we are free to select two of the variables arbitrarily. Choosing, 
on the one hand, k, = 1, k; = 0, and on the other, k, = 0, k; = 1, we obtain two linearly 
independent eigenvectors: 


-1 -1 
K, = 1 and K,; = 0) 
0 1 


corresponding to a single eigenvalue. 


| Complex Eigenvalues A matrix A may have complex eigenvalues. 


Theorem 8.8.1 Complex Eigenvalues and Eigenvectors 


Let A be a square matrix with real entries. If A = a + iB, B # 0, is a complex eigenvalue of A, 
then its conjugate A = a — iB is also an eigenvalue of A. If K is an eigenvector corresponding 
to A, then its conjugate K is an eigenvector corresponding to A. 


PROOF: Since A is a matrix with real entries, the characteristic equation det(A — AI) = Oisa 
polynomial equation with real coefficients. From algebra we know that complex roots of such 
equations appear in conjugate pairs. In other words, if A = a + if is a root, then A = a — iB 
is also a root. Now let K be an eigenvector of A corresponding to A. By definition, AK = AK. 
Taking complex conjugates of the latter equation gives 


AK=AK or AK = AK, 


since A is a real matrix. The last equation indicates that K is an eigenvector corresponding 
to A. = 


| EXAMPLES | Complex Eigenvalues and Eigenvectors 


6 —-l 
Find the eigenvalues and eigenvectors of A = (e 


SOLUTION The characteristic equation is 


det(A — AT) = 


6-2 | 
| = \?— 10A + 29 =0. 


5 ree 


From the quadratic formula, we find A; = 5 + 2i and A, = tes =5- 2i. 
Now for A; = 5 + 2i, we must solve 


d= 204.— k, =0 
5k, — (1 + 2Dk, =0 


Since k, = (1 — 2i)k,,* it follows, after choosing k, = 1, that one eigenvector is 


K, = ape 
1 — 2i 


From Theorem 8.8.1, we see that an eigenvector corresponding to A, = A, = 5 — 2iis 


_ 1 
Barre =e io 


Hi Eigenvalues and Singular Matrices If the number 0 is an eigenvalue of ann X n 
matrix A, then by Definition 8.8.1 the homogeneous linear system 


A=0 
y 
=0K=0 


of n equations in n variables must possess a nontrivial solution vector K. But this fact tells us 
something important about the matrix A. By Theorem 8.6.6 a homogeneous system of n equations 
in n variables possesses a nontrivial solution if and only if the coefficient matrix A is singular. 
We summarize this result in the following theorem. 


Theorem 8.8.2 Zero Eigenvalue and a Singular Matrix 


Let A be ann X n matrix. Then the number A = 0 is an eigenvalue of A if and only if A is 
singular. 


Put a different way: 
A matrix A is nonsingular if and only if the number 0 is not an eigenuvalue of A. (6) 


Reexamination of Example 2 shows that A, = 0 is an eigenvalue of the 3 X 3 matrix (5). So 
we can conclude from Theorem 8.8.2 that the matrix (5) is singular, that is, does not possess an 
inverse. On the other hand, we conclude from (6) that the matrices in Examples 3 and 4 are 
nonsingular because none of the eigenvalues of the matrices are 0. 

The eigenvalues of ann X n matrix A are related to det A. Because the characteristic equation 
det(A — AD) = 0 is an nth degree polynomial equation, it must, counting multiplicities and com- 
plex numbers, have n roots A,, A>, A3, ... A, By the Factor Theorem of algebra, the characteristic 
polynomial det(A — AI) can then be written 


det(A — AD = (A; — A)(A, — A)MAz — A) (A, — A). (7) 
By setting \ = 0 in (7) we see that 
det A = A,AzA3°** Ay, (8) 
that is: 
The determinant of A is the product of its eigenvalues. 
The result in (8) provides an alternative proof of Theorem 8.8.2: If, say, A, = O then det A = 0. 


Conversely, if det A = 0, then A,A,A3°--A,, = 0 implies that at least one of the eigenvalues of A is 0. 


*Note that the second equation is simply 1 + 2: times the first. 
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| EXAMPLE6 | Examples 4 and 5 Revisited 


(a) In Example 4 we saw that the eigenvalues of the matrix 


9 1 1 
A=]1 9 1 
1 1 9 


areA, = 11, A, = A; = 8. Withno further work we see that det A = 11-8-8 = 704. Because 
det A # 0 the matrix A is nonsingular. 


6 =—1 
(b) In Example 5 it is easily seen that the determinant of the 2 * 2 matrix A = (‘ ) is 
6 1 


dt hc = 
i 4 


| = 29. 


Also, using the two complex eigenvalues A; = 5 + 2i,A,; = 5 — 2i we see that 
detA = A,A, = (5 + 2/(5 — 2) = % + 2? = 29, = 
I| Eigenvalues and Eigenvectors of A’! Ifann X n matrix A is nonsingular, then 
A’ ‘exists and we now know that none of the eigenvalues of A are 0. Suppose that A is an eigen- 


value of A with corresponding eigenvector K. By multiplying both sides of the equation AK = AK 
by A |, we get 


A~'(AK) = AA'K 
(A~!A)K = AA'K 


IK = AA 7!K 
1 
or A'K= re K. (9) 


Comparing the result in (9) with (1) leads us to the following conclusion. 


Theorem 8.8.3 Eigenvalues and Eigenvectors of A * 


Let A be a nonsingular matrix. If A is an eigenvalue of A with corresponding eigenvector K, 
then 1/A is an eigenvalue of A“! with the same corresponding eigenvector K. 


| EXAMPLE7 | Eigenvalues of an Inverse 


4 
The matrix A = ( 


0 
) ,) has distinct eigenvalues A, = 4 and A, = 3 with corresponding 


1 0 
eigenvectors K,; = @ and K, = i) Since 0 is not an eigenvalue of A it is nonsingular. 


So in view of Theorem 8.8.3 we can also say that the reciprocals 


1 
are, respectively, eigenvalues of A’ ' with corresponding eigenvectors K, = (3) and 


0 i 0 
K, = ( ) This is easily verified using A! = ( } 
1 ad 3. 


are BIR 
wie © 
ae 
oS 
Ne 
NY 
a. 
Vie BIR 
SS 
Bir 
a 
NO 
Se 
ale 
4 


A’'K, = (_ 


A'K, = & 


Aire Bie 
wie © 
N.S 
a SN 
= © 
NZ 
vie © 
a 


Our last theorem follows immediately from the fact that the determinant of an upper trian- 
gular, lower triangular, and a diagonal matrix is the product of the main diagonal entries. See 
Theorem 8.5.8. 


Theorem 8.8.4 Triangular and Diagonal Matrices 


The eigenvalues of an upper triangular, lower triangular, and diagonal matrix are the main 
diagonal entries. 


4 0 
Notice in Example 7 that the matrix A = ¢ : is a lower triangular matrix and its eigen- 


values A, = 4and A, = 3 are the entries on the main diagonal. 


Exercises Answers to selected odd-numbered problems begin on page ANS-17. 


In Problems 1—6, determine which of the indicated column 
vectors are eigenvectors of the given matrix A. Give the 


corresponding eigenvalue. 


an(S hwo(3 w-Q) 


i —2 2 
va-(2 1 -2|; K,= 
. 2. A 
4 =] 
K,=|-4], K,;=| 1 
0 1 
= 0 
6 A=/ 1 2 ) K, = 
03 -1 
1 3 
K, = ‘. -(: 
3 4 


In Problems 7—22, find the eigenvalues and eigenvectors of 
the given matrix. Using Theorem 8.8.2 or (6), state whether 
the matrix is singular or nonsingular. 


= 3) Gi) 
7. 
-7 8 1 
= 8 =] 1 1 
2 (2 4) w (1 |) 
16 60 4 | 
) , (- 1 *) é = i) 
11. 12. 
=5 I 1 1 
(; *) ¢ ’) 
13. 14. 
0 —-5 0 13 
> -1 0 3 0 O 
15 }0 -5 9 16.)0 2 O 
> =1 °0 4 0 1 
0 4 0 1 6 0 
17. | -1 —-4 0 18 }0 2 1 
0 0 -2 0 1 2 
0 0 -!1 2 -1 0O 
0 19. | 1 O 0 20. | 5 2 4 
Ls L tf =f 0 1 2 
: ia 3 0 0 0 
21. | 0 5 6 22. |0 O O 
0 0 -7 0 0 1 
= ' 
4 In Problems 23-26, find the eigenvalues and eigenvectors of the 
‘ ; given nonsingular matrix A. Then without finding A |, find its 


eigenvalues and corresponding eigenvectors. 


4 2 
na-(t 2) 
| 
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4 2 -1 1 2 -1 Computer Lab Assignment 


a A=|(|0 3 —2 2. A=| 1 0 1 32. Ann X n matrix A is said to be a stochastic matrix if all its 
0 O 5 4 —-4 5 entries are nonnegative and the sum of the entries in each row 
(or the sum of the entries in each column) add up to 1. 


; : Stochastic matrices are important in probability theory. 
Discussion Problems (a) Verify that 


27. Review the definitions of upper triangular, lower triangular, 1 
and diagonal matrices on pages 372-373. Explain why the A= 6 ~ |) 0=p=10=¢=1, 


eigenvalues for those matrices are the main diagonal entries. q 1-q 
28. True or false: If A is an eigenvalue of ann X n matrix A, then 
the matrix A — ALis singular. Justify your answer. a: a 
29. Suppose A is an eigenvalue with corresponding eigenvector and A=|4 4 + 
K of ann X n matrix A. a ae 
(a) If A? = AA, then show that A2K = ’K. Explain the ee 
meaning of the last equation. are stochastic matrices. 
(b) Verify the result obtained in part (a) for the matrix (b) Use a CAS or linear algebra software to find the ei- 
_ (2 3 genvalues and eigenvectors of the the 3 X 3 matrix A 
~\5 4f in part (a). Make up at least six more stochastic matri- 
(c) Generalize the result in part (a). ces of various sizes, 2 X 2,3 X 3,4 X 4,and5 X 5. 
30. Let A and B ben X n matrices. The matrix B is said to be Find the eigenvalues and eigenvectors of each matrix. 
similar to the matrix A if there exists a nonsingular matrix S If you discern a pattern, form a conjecture and then try 
such that B = S~'AS. If B is similar to A, then show that A to prove it. 
is similar to B. (c) For the 3 X 3 matrix A in part (a), use the software to 
31. Suppose A and B are similar matrices. See Problem 30. Show find A’, A?, A‘, .... Repeat for the matrices that you 
that A and B have the same eigenvalues. [Hint: Review constructed in part (b). If you discern a pattern, form a 
Theorem 8.5.6 and Problem 37 in Exercises 8.6.] conjecture and then try to prove it. 


Ee Powers of Matrices 


INTRODUCTION _ It is sometimes important to be able to quickly compute a power A”, ma 
positive integer, of ann X n matrix A: 


A” =AAA--A. 
—ae 


m factors 


Of course, computation of A” could be done with the appropriate software or by writing a short 
computer program, but even then, you should be aware that it is inefficient to simply use brute 
force to carry out repeated multiplications: A? = AA, A? = AA’, A* = AAAA = A(A3) = AZA?, 
and so on. 


I Computation of A” Weare going to sketch an alternative method for computing A” by 
means of the following theorem known as the Cayley—Hamilton theorem. 


Theorem 8.9.1 Cayley—Hamilton Theorem 


Ann X n matrix A satisfies its own characteristic equation. 


If(—D"A" + c,_,A" | +++» + c)A + cy = Ois the characteristic equation of A, then Theorem 8.9.1 
states that by replacing A by A we have 


(-1)"A" 2b eA eee cA + Col = 0. (1) 
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|| Matrices of Order 2 The characteristic equation of the 2 X 2 matrix A = = :) 


is 7 — A — 2 = 0, and the eigenvalues of A are A; = —1 and A, = 2. Theorem 8.9.1 implies 
A’ — A — 21 = 0, or, solving for the highest power of A, 
A’ =21+A. (2) 


Now if we multiply (2) by A, we get A* = 2A + A’, and if we use (2) again to eliminate A’ on 
the right side of this new equation, then 


A? = 2A + A? = 2A 4+ (214+ A) = 214+ 3A. 


Continuing in this manner—in other words, multiplying the last result by A and using (2) to eliminate 
A’*—we obtain in succession powers of A expressed solely in terms of the identity matrix I and A: 


A‘ =61+5A 
A= 101+ 11A (3) 
A® = 221+ 21A 


and so on (verify). Thus, for example, 


1 —2 4 —2 4 
as = 2 0) + 21( )=( Y* ) (4) 
Oo 1 -1 3 —21 85 


Now we can determine the c, without actually carrying out the repeated multiplications and 
resubstitutions as we did in (3). First, note that since the characteristic equation of the matrix 


—2 4 
A= (- 1 ) can be written A? = 2 + A, results analogous to (3) must also hold for the eigen- 


values A, = —1 and A, = 2; thatis, A? = 2 + 3A,A*=645A,A°=104 11A, A® = 22 + 21A,.... 
It follows then that the equations 


™=cl +c,A and ™=¢),+c,Ar (5) 


hold for the same pair of constants cg and c,. We can determine the constants cy and c, by simply 
setting A = —1 and A = 2 in the last equation in (5) and solving the resulting system of two 
equations in two unknowns. The solution of the system 


(=) = ty Fe 1) 
2” = Cy + €,(2) 
is cy = ¥[2”" + 2(-1)"], c; = §[2” — (—1)"]. Now by substituting these coefficients in the first 


equation in (5), adding the two matrices and simplifying each entry, we obtain 


1p _e5m _yyn 4p5m _ ¢__yym 
ge an+4(—D"]3[2"— (1) i) 6) 


—3[2” a (-1)"] 5[ 27+? == (-1"] 


You should verify the result in (4) by setting m = 6 in (6). Note that (5) and (6) are valid for 
m= Osince A° = Tand A! = A. 


Hi Matrices of Order n_ If the matrix A were 3 X 3, then the characteristic equation (1) is 
a cubic polynomial equation, and the analogue of (2) would enable us to express A? in terms of 
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I, A, and A’. We could proceed as just illustrated to write any power A” in terms of I, A, and A’. 
In general, for ann X n matrix A, we can write 


A” = col +c A+ oA? +--+ ,-,A™), 


and where each of the coefficients c,, k = 0, 1, ..., — 1, depends on the value of m. 
| EXAMPLE1 | A” for a3 X 3 Matrix 
lL ob 2 
Compute A” forA =| —1 2 1 
0 1 -!l 
SOLUTION The characteristic equation of A is —A? + 247+ A—2=OordA? = -—2+A4 27, 
and the eigenvalues are A; = —1, A, = 1, and A; = 2. From the preceding discussion we know 


that the same coefficients hold in both of the following equations: 


A" =cl+cA+cA? and A™=cotc A+ cd’. (7) 
Setting, in turn, A = —1, A = 1, A = 2 in the last equation generates three equations in three 
unknowns: 
(“IP SQ > e+ & 
l= Co + Cy + C2 (8) 
2” = Cy + 2c, + 400. 
Solving (8) gives 


cat 5[3 + (-1)” = 2", 
til | aoa Gas? il 
= ral 3+ ( 1)” } Dre hk 


After computing A’, we substitute these coefficients into the first equation of (7) and simplify 
the entries of the resulting matrix. The result is 


omar Si) Lae) gio ee 
Av = 1 — 9" Qn ua | 
‘3 _ gmt = (-1"] 2” = (-1)"] i —3 fi gmt ae 1-1") 


For example, with m = 10, 


—340 341 341 
A’ = | —-1023 1024 1023 J. = 
—341 341 342 


I Finding the Inverse Suppose A is a nonsingular matrix. The fact that A satisfies its 
own characteristic equation can be used to compute A as a linear combination of powers of A. 


—2 4 
For example, we have just seen that the nonsingular matrix A = (- 1 satisfies A? — A — 21=0. 


Solving for the identity matrix gives I = 3A? — 5A. By multiplying the last result by A~!, we 
find A“! = 5A — 31. In other words, 
3 
| *) 
2 
= ! (9) 
& 1 


(3) 72 a)-als 1) 


REMARKS 


There are some obvious problems with the method just illustrated for finding A”. If, for ex- 
ample, the matrix in Example | had an eigenvalue of multiplicity two, then instead of three 


equations and three unknowns as in (8) we would have only two equations in three unknowns. 
How do we then find unique coefficients co, c;, and cy? See Problems 1 1-14 in Exercises 8.9. 
Also, for larger matrices, even with distinct eigenvalues, solving a large system of equations 
for Co, Cj, Co, ---, €n—1 18 far too tedious to do by hand. 


| 8.9 Exercises Answers to selected odd-numbered problems begin on page ANS-18. 


In Problems | and 2, verify that the given matrix satisfies its 
own characteristic equation. 


0 tl 2 

1 =2 

1. A= 2A=]1 0 3 
+ 5 

Oo 1 1 


In Problems 3-10, use the method of this section to compute A”. 
Use this result to compute the indicated power of the matrix A. 


sn a=(3 0): mas aa=(| ss m= 6 
40 0 -3 
111 
ra-(01 2} wow 
010 
Go wd 
van(o-1i} mes 
Lt 18 
220 
va-(400} won 
ft 24 
0 -+; O 
10. A = 1 5 O|; m=8 
va 


In Problems 11 and 12, show that the given matrix has an 
eigenvalue A, of multiplicity two. As a consequence, the 
equations A” = cy + c,A (Problem 11) and A” = cy + CA + CA? 
(Problem 12) do not yield enough independent equations to 
form a system for determining the coefficients c;. Use the 
derivative (with respect to A) of each of these equations 
evaluated at A, as the extra needed equation to form a system. 
Compute A” and use this result to compute the indicated power 
of the matrix A. 


7. 3 
UW. A= = 
€ *} m=6 


=2 2: =] 
12, A= 2 1-24; m=5 
=3- =6. +0 


13. Show that A = 0 is an eigenvalue of each matrix. In this case, 
the coefficient cy in the characteristic equation (1) is 0. 
Compute A” in each case. In parts (a) and (b), explain why 
we do not have to solve any system for the coefficients c; in 
determining A”. 


1 1 I 4 
(a) ae :) (b) a=(| 1) 


2 1 1 
(c) A=]{1 0 —2 
1 1 3 


14. In his work Liber Abbaci, published in 1202, Leonardo 
Fibonacci of Pisa, Italy, speculated on the reproduction of 
rabbits: 


How many pairs of rabbits will be produced in a year begin- 
ning with a single pair, if every month each pair bears a new 
pair which become productive from the second month on? 


The answer to his question is contained in a sequence known 
as a Fibonacci sequence. 


After Each Month 
Start n = Q I 2 3 42 5 © FF & YM Mo) il ia 
Adult pairs 1 1 2 3 5 8 13 21... 
Baby pairs O |! 1 2 3 5 813... 
Totalpairs 1 2 3 5 8 13 21 34... 


Each of the three rows describing rabbit pairs is a Fibonacci 

sequence and can be defined recursively by a second-order 

difference equation x, = x,_. + X,-;,n = 2,3,..., where x, 

and x, depend on the row. For example, for the first row des- 

ignating adult pairs of rabbits, xy = 1, x, = 1. 

(a) If we let y,_, = x,_, then y, = x,_,, and the difference 
equation can be written as a system of first-order differ- 
ence equations 


n—\> 


Xn =~ Xn-1 + Yn-1 


Yn ~ Xn-1- 


Write this system in the matrix form X, = AX,,_,, 
n= 2,3,.... 
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(b) Show that 


A” 


~ gmtia/5 


(c) 


find A7!. 


0 
In Problems 15 and 16, use the procedure illustrated in (9) to (c) 1 
2 


15. A = 


16. A = 


430 


or 


1 


AAT — MAR + -AR ARRat 


Ar — Ay 


m_ \m 
Ay — AY 


Ar — Ay 


Ay — ry 
AQAT — AAS 
Ay —_ rd, 


¢ + Vs5ynth— (1 = V5yn"! 2d + V5y" — 20 — V5)" ) 
2a + V5" - 20 —- V5y"— ca + W590 — V5)" — A — V5 + V5)” 


where A, = 4(1 — V5) and A, = 4(1 + V5) are the 17. A nonzero n X n matrix A is said to be nilpotent of index m if 
distinct eigenvalues of A. 
Use the result in part (a) to show X, = A”~!X,. Use the last following matrices are nilpotent? If nilpotent, what is its index? 
result and the result in part (b) to find the number of adult (a) ( 1 °) (b) ( 2 *) 


pairs, baby pairs, and total pairs of rabbits after the twelfth 


month. 


( 


a 
1 3 
11-2 


= 2 | 
01 -t1 
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mis the smallest positive integer for which A” = 0. Which of the 


2 =2 


0 

7 (d) 
0 

0 0 

0 0 

1 0 


wreoc°ccecno 

eFeoococCcoe 
rococo eeYU 
ooco 


00 0 22 


18. (a) Explain why any nilpotent matrix A is singular. [Hint: 
Review Section 8.5.] (b) Show that all the eigenvalues of a 
nilpotent matrix A are 0. [Hint: Use (1) of Section 8.8.] 


8.10] Orthogonal Matrices 


INTRODUCTION In this section we are going to use some elementary properties of complex 
numbers. Suppose z = a + ib denotes a complex number, where a and b are real and the symbol i 
is defined by 7? = —1. If z = a — ib is the conjugate of z, then the equality z = Z or 
a+ ib =a -— ib implies that b = 0. In other words, if z = z, then zis a real number. In addition, 
it is easily verified that the product of a complex number z and its conjugate Z is a real number: 
zz = a’ + b*. The magnitude of z is defined to be the real number Izl = Va* + b?. The mag- 
nitude of z can be expressed in terms of the product zz: Iz] = Va? + b? = lzzl, or Iz? = zz. A 
detailed discussion of complex numbers can be found in Section 17.1. 

There are many types of special matrices, but two types occur again and again in applications: 


symmetric matrices (page 373) and orthogonal matrices (page 413). In this section we are going 
to examine both these matrices in further detail. 


Hi Symmetric Matrices We begin by recalling, in formal terms, the definition of a sym- 
metric matrix. 


Definition 8.10.1 Symmetric Matrix 


Ann X n matrix A is symmetric if A = A’, where A’ is the transpose of A. 


The proof of the next theorem depends on the properties of complex numbers discussed in 
the review at the start of this section. 


Theorem 8.10.1 Real Eigenvalues 


Let A be a symmeric matrix with real entries. Then the eigenvalues of A are real. 


PROOF: If K is an eigenvector corresponding to an eigenvalue A of A, then AK = AK. The 
conjugate of the last equation is 


AK = XK. (1) 


Since the entries of A are real, we have A = A, and so (1) is 
AK = AK. (2) 


We now take the transpose of (2), use the fact that A is symmetric, and multiply the resulting 
equation on the right by K: 


K’AK = AK’K. (3) 
But if we multiply AK = AK on the left by K’, we obtain 

K’AK = AK’K. (4) 
Subtracting (4) from (3) then gives 

0 = (A — A)K'K. (5) 


Now K? is a1 X n matrix and K is ann X 1 matrix, so the product K’K is the 1 X 1 matrix 
K’K = (lk? + Ik? +--+ + Ik, I). Since by definition, K # 0, the last expression is a positive 
quantity. Therefore we conclude from (5) that A — A = O or A = A. This implies that A is a real 


number. = 


[| Inner Product In RX” the inner product or dot of two vectors x = (x), X2,..., X,) and 
Y = 01. y2,---» Yp) 1S given by 


XY SX + AyYy Fe + XV yp (6) 
x] JI 

Now if X and Y aren X | column vectors, X = . and Y = he , then the matrix analogue 
of (6) is : : 
Xn Yn 

X-Y=X’YV = (xy, + my. t00+ + Xqy,)* (7) 


Of course, for the column vectors given, YX = X‘Y. The norm of a column vector X is given by 


|x| = VXxX-x = VXx'x = V2 + a feoieee Eo 


Theorem 8.10.2 Orthogonal Eigenvectors 


Let A be ann X n symmetric matrix. Then eigenvectors corresponding to distinct (different) 
eigenvalues are orthogonal. 


*Since a 1 X 1 matrix is simply a scalar, we will hereafter drop the parentheses and write 
x’Y =XY1 X22 eee Anne 
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PROOF: Let A, and A, be two distinct eigenvalues of A corresponding to the eigenvectors K, 
and K,, respectively. We wish to show that K, - K, = K/K, = 0. 
Now by definition we must have 


AK, = r,K, and AK, = AK. (8) 


We form the transpose of the first of these equations, use A’ = A, and then multiply the result 
on the right by K,: 


K’AK, = A, K/K,. (9) 
The second equation in (8) is multiplied on the left by K’: 
K{AK, = A,K/K,. (10) 
Subtracting (10) from (9) yields 
0 =A,K{K,—A,K{K, or 0= (A, —A,)K{K). 


Since A, # As, it follows that K/K, = 0. 


| EXAMPLE1 | Orthogonal Eigenvectors 


0 -1 O 
The eigenvalues of the symmetric matrix A= | —1 —I1 1 | areA, = 0, A, = 1, and 
0) 1 0 
A; = —2. In turn, the corresponding eigenvectors are 
1 =| 1 
K,=|0], K,= 1], K,= 2 
1 1 —1 


Since all the eigenvalues are distinct, it follows from Theorem 8.10.2 that the eigenvectors 
are orthogonal, that is, 


~| 
KIK,=( 0D] 1] =1-(-1)+0-14+1-1=0 
1 
1 
K'K,;=(101)] 2] =1-1+0-24+1-(-1)=0 
= 
1 
KIK,=(-11 D| 2] =(-D-14+1-2+1-(-D)=0. = 
-1 


We saw in Example 3 of Section 8.8 that it may not be possible to find n linearly independent 
eigenvectors for an X n matrix A when some of the eigenvalues are repeated. But a symmetric 
matrix is an exception. It can be proved that a set of n linearly independent eigenvectors can 
always be found for an n X n symmetric matrix A even when there is some repetition of the 
eigenvalues. (See Example 4 of Section 8.8.) 


See (2) of Section 7.6 for > 
the definition of the inner 
product in R”. 


A set of vectors Xx), X,..., X, in R" is called orthonormal if every pair of distinct vectors is 
orthogonal and each vector in the set is a unit vector. In terms of the inner product of vectors, the 
set is orthonormal if 


x, x,=0, i4j iF =1,2,...,n and x -x,=1, 1=1,2,...,0 
The last condition simply states that ||x;|| = Vx;+; =1,7=1,2,...,m. 


I Orth og onal Matrix The concept of an orthonormal set of vectors plays an important 
role in the consideration of the next type of matrix. 


Definition 8.10.2 Orthogonal Matrix 


Ann X n nonsingular matrix A is orthogonal if A~' = A’. 


In other words, A is orthogonal if ATA = I. 


| EXAMPLE2 | Orthogonal Matrices 


(a) Then X n identity matrix I is an orthogonal matrix. For example, in the case of the 
3 X 3 identity 


1 0 0 
I=|0 1 0O 
0 0 1 


it is readily seen that I’ = TandI’I=11=1. 
(b) The matrix 


Wi WIN WIN 
WIN WI LoItV 


lI 
WIN WIN BI 


is orthogonal. To see this, we need only verify that A7A = I: 


WI WIN WI 


ATA = 


WIN WIL Lal 
WI WIL WIty 
WIN WI Wits 
WIN WIL Lal 
WIN WIE Vato 
oo. = 


Theorem 8.10.3 — Criterion for an Orthogonal Matrix 


Ann X n matrix A is orthogonal if and only if its columns X,, X5,..., X,, form an 
orthonormal set. 


PARTIAL PROOF: Let us suppose that A is an n X n orthogonal matrix with columns X,, 
X,,..., X,,. Hence, the rows of A’ are X/, XJ,..., XJ. But since A is orthogonal, A7A = I, 
that is, 


Xk) RIX, = XIX 10 0 
ata = | X2X XPK XIX, |_ 7 0 1 0 
MX) WS = Re, 00 1 
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It follows from the definition of equality of matrices that 


X/X;=0, i#j, if=1,2,....n and X/X,;=1, i=1,2,...,n. 


This means that the columns of the orthogonal matrix form an orthonormal set of n vectors. = 


If we write the columns of the matrix in part (b) of Example 2 as 


1 —2 2 
3 3 3 
Xx, = 3), X= 3), X= [5]. 
2 1 2 
3 3 3 
then the vectors are orthogonal: 
2 
3 
: 2 4 2 
XIX, =¢ 3 -{ $]=-F4+5-F=0 
1 9 9 9 
3 
2 
2 2 4 
MIK=G 3 PS) =F5+5-579 
2 9 9 9 
3 
2 
: 4-2 9 
X3X; = (-} 3 i(1}- oo a 
3 
and are unit vectors: 
3 
1 4 4 
MM=G¢ 3-9 S]=o+5+5 71 
2 9° 9 9 
3 
ao? 
3 
4 4 1 
XIX, =(-3 } pf ]=54+5+ 551 
1 9 9 9 
3 
2 
; 4 1 4 
X?x, =(@ 1 2 1 =—-4-—-4—-=], 
gag =G 3 4 é 9°99 
3 


Hi Constructing an Orthogonal Matrix If ann X nreal symmetric matrix A possesses 
n distinct eigenvalues Aj, Ax, ..., A,, it follows from Theorem 8.10.2 that the corresponding 
eigenvectors K,, K,,..., K, are mutually orthogonal. By multiplying each vector by the recipro- 
cal of its norm, we obtain a set of mutually orthogonal unit vectors—that is, an orthonormal set. 
We can then construct an orthogonal matrix by forming ann X n matrix P whose columns are 
these normalized eigenvectors of A. 


| EXAMPLE3 | Constructing an Orthogonal Matrix 


In Example 1, we verified that the eigenvectors 


1 -1 1 
Kj =|0), Ke) Tl], Kea! 2 
1 1 -1 


of the given symmetric matrix A are orthogonal. Now the norms of the eigenvectors are 


]K,|| = VK7K, = V2, ||K,|| = VK3K, = V3, _||K3|| = VKIK; = V6. 


Thus, an orthonormal set of vectors is 


1 


v2 
0 


1 1 


1 
V6 
ae 

eed er 

1 
v2 V3. V6 


an) 

ll 
g- > se 
N NO 


You should verify that P’ = P™'. = 


We will use the technique of constructing an orthogonal matrix from the eigenvectors of a 
symmetric matrix in the next section. 

Do not misinterpret Theorem 8.10.2. We can always find n linearly independent eigenvectors 
for ann X n real symmetric matrix A. However, the theorem does not state that all the eigenvec- 
tors are mutually orthogonal. The set of eigenvectors corresponding to distinct eigenvalues are 
orthogonal, but the different eigenvectors corresponding to a repeated eigenvalue may not be 
orthogonal. Consider the symmetric matrix in the next example. 


| EXAMPLE4 | Using the Gram—Schmidt Process 


For the symmetric matrix 


7 4 —-4 
A= 4 -8 -1 
-4 -l1 -8 
we find that the eigenvalues are A, = A, = —9, and A; = 9. Proceeding as in Section 8.8, for 


A, = A, = —9, we find 


16 4 -4/0\ ww /1 % —GZ|0 
(A+910)={ 4 1 -1/0] "3°"}0 0 oo 
=4 =] 1/0 0 0 O07; 0 
From the last matrix we see that k, = —{k, + +k;. The choices k, = 1, k; = 1 followed by 
k, = —4, k, = 0 yield, in turn, the distinct eigenvectors 
0 1 
K, = 1 and K, _ —4 
1 0 
Now for A, = 9, 
=2 4 —-4]0 row 1 0 4] 0 
(A-91)0)=]| 4 -17 -1/0]/"S" {0 1 1/]0 
-4 —-1 —-17/0 0 0 0] 0 
4 
indicates that K; = 1 | is a third eigenvector. 
=] 
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Observe, in accordance with Theorem 8.10.2, the vector K; is orthogonal to K, and to 
K,, but K, and K,, eigenvectors corresponding to the repeated eigenvalue A, = —9, are not 
orthogonal since K,- K, = —4 # 0. 

We use the Gram—Schmidt orthogonalization process (see pages 359-360) to transform 
the set {K,, K,} into an orthogonal set. Let V; = K, and then 


1 
V,=K (Sev =| -2 
2 2 V,-v,/" : 


The set {V,, V>} is an orthogonal set of vectors (verify). Moreover, the set {V,, V2, K3} is an 
orthogonal set of eigenvectors. Using the norms IIV,II = V2, IIV,IIl = 3, and IIK,ll = 3V2, 
we obtain an orthonormal set of vectors 


| 


“or = 
i) NO 
WIN WIN Wile 
WwW 
ae 
i) 


and so the matrix 


0 1 4 
4 N/a 
eu! 2 1 
V2 3 32 
i 7 1 
Vo 2 33. 


is orthogonal. 


REMARKS 


For a real n X n symmetric matrix with repeated eigenvalues it is always possible to find, 


rather than construct, a set of n mutually orthogonal eigenvectors. In other words, the Gram— 
Schmidt process does not have to be used. See Problem 23 in Exercises 8.10. 


| 8.10 | Exercises Answers to selected odd-numbered problems begin on page ANS-18. 


In Problems 1—4, (a) verify that the indicated column vectors are 5 13 0 


eigenvectors of the given symmetric matrix, (b) identify the 31135 =O 
corresponding eigenvalues, and (c) verify that the column 


vectors are orthogonal. 


0 
1. 0 


1 
2. if = 
=] 
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0 —4 0 
—-4 Of; 1 |, 
0 15 0 
=1 =] =—2 

L = 1 is 
-1 1 1 
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0 0 -8 

vay | V3\ VE 

} 2° 37 6) 

v2| | _va| | _vé 
= ; 2 7 ah | 

0 v3} \_Vv6 
ae 3 3 


2° 9 9 —2 1 2 Example 4 and use the Gram—Schmidt process to construct an 
4 {2 2 O|; 21, oak 1 orthogonal matrix P from the eigenvectors. 
2 0 4 1 =2 2 O- Of -9 1 
In Problems 5—10, determine whether the given matrix is orthogonal. a.A=|2 0 2), K, =| -1], 
0 1 0 io 2 a a 0 
sn [1 0 0 a {0 1 0 : : 
00 1 } 0 -} aa ess ac dal 
001 0 0 0 =i : 
7 {-2 4 0 8 10 0 0 Pitt 2 =i 
1 1 1 1 
& B 0 0 0 0 22. A= > k=[{ ?], 
0 & 9 —-5 1 1 1 1 0 
Lat 4 ae 0 ii 1, 1 
% 1 =L =I 10. =| =] 1 
1 0 0 0 
1 2 0 15 8 0 1 1 
0 WT 0 WT K, = 1 > K, ze 0 > K, = 1 
In Problems 11-18, proceed as in Example 3 to construct an 0 0 1 
orthogonal matrix from the eigenvectors of the given symmetric : ‘ i 
. . 23. In Example 4, use the equation k, = — 4k, + 4k3 and choose 
matrix. (The answers are not unique.) : 
two different sets of values for k, and k; so that the correspond- 
1 9 7 O ing eigenvectors K, and K, are orthogonal. 
m 9 1 = 0 4 24. Construct an orthogonal matrix from the eigenvectors of 
13. é ;) 14. & ) 1 2 0 0 
? ; : Fi ; ca|2 20 9 
° 0 0 1 2 
15 ;0 | O 16 ;1 1 1 002 1 
1 0 1 1 1 O 
-8§ 5 4 2 g -—2 25. Suppose A and B aren X n orthogonal matrices. Then show 
17. 5 31 18. 8 -4 10 that AB is orthogonal. : 
41.0 > 10 7 26. Suppose A is an orthogonal matrix. Is A“ orthogonal? 
27. Suppose A is an orthogonal matrix. Then show that A’ is 
In Problems 19 and 20, use Theorem 8.10.3 to find values of a orthogonal. 
and b so that the given matrix is orthogonal. 28. Suppose A is an orthogonal matrix. Then show thatdetA = +1. 
3g 1 IV5 b 29. Suppose A Sy an orthogonal matrix such that AX = I. Then 
19. | 4 b 20. V5 show that A’ = A. 
S _ / 30. Show that the rotation matrix 


In Problems 21 and 22, (a) verify that the indicated column 
vectors are eigenvectors of the given symmetric matrix and 
(b) identify the corresponding eigenvalues. (c) Proceed as in 


thos oe 
sin 8 


is orthogonal. 


jan] Approximation of Eigenvalues 


INTRODUCTION Recall, to find the eigenvalues for a matrix A we must find the roots of the 
polynomial equation p(A) = det(A — AI) = 0. If A is a large matrix, the computations involved 
in obtaining this characteristic equation can be overwhelming. Moreover, even if we can find the 
exact characteristic equation it is likely that we would have to use a numerical procedure to ap- 
proximate its roots. There are alternative numerical procedures for approximating eigenvalues 
and the corresponding eigenvectors. The procedure that we shall consider in this section deals 
with matrices that possess a dominant eigenvalue. 


—sin ’) 
cos 0 


il A Definition A dominant eigenvalue of a square matrix A is one whose absolute value 
is greater than the absolute value of each of the remaining eigenvalues. We formalize the last 
sentence in the next definition. 
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Definition 8.11.1 Dominant Eigenvalue 


Let A;, Ao, ..., Ay, -.., A, denote the eigenvalues of an n X n matrix A. The eigenvalue A, is 
said to be the dominant eigenvalue of A if 


I> A, i=1,2,...,n, butitk. 


An eigenvector corresponding to A, is called the dominant eigenvector of A. 


In Example 2 of Section 8.8, we saw that the eigenvalues of the matrix 


1 2 1 
A= 6 -l 0 
=| =2 =] 


are A, = 0, A, = —4, and A; = 3. Since |—4l > 0 and |—4l > 3, we see that A, = —4 is the 
dominant eigenvalue of A. 


| EXAMPLE1 | Matrices with No Dominant Eigenvalue 


2, 0 

(a) The matrix A = ( ) has eigenvalues A, = —2 and A, = 2. Since IA,| = IA,| = 2, 
0 =2 

it follows that there is no dominant eigenvalue. 


(b) The eigenvalues of the matrix 


2 0 0 
A=|{0 5 1 
0 0 5 


are A, = 2, A, = A; = 5. Again, the matrix has no dominant eigenvalue. 


[| Power Method Suppose the n X n matrix A has a dominant eigenvalue A,. The it- 
erative technique for approximating a corresponding dominant eigenvector is due to the German 
mathematician Richard von Mises (1883-1953) and is called the power method. The basic idea 
of this procedure is first to compute an approximation to a dominant eigenvector by means of 
the sequence 


X; = AX;,_, B= 15.2.3 yes (1) 


where Xj) represents a nonzero n X | vector that is an initial guess or approximation for the 
eigenvector we seek. Iterating (1) gives 


X, — AXy 
X, = AX, = A’X) 
; (2) 
Xn = AX,,-1 -_ AX. 
Under certain circumstances, for large values of m the vector defined by X,, = AX, is an 


approximation to a dominant eigenvector. To see this, let us make some further assumptions about 
the matrix A. Let us assume that the eigenvalues of A are such that 


IA,| > IAg] = Ag) 2 +++ 2 IA, 


and that the corresponding n eigenvectors K,, K5,..., K,, are linearly independent. Because of 


this last assumption, K,, K,, ..., K,, can serve as a basis for R" (see Section 7.6). Thus, for any 
nonzero n X | vector Xp, constants cj, Cz,..., C, can be found such that 
Xp = c,K, + cK, + -:: + ¢,K,,. (3) 


We shall also assume Xo is chosen so that c, # 0. Multiplying (3) by A then gives 

AX, = c,AK, + coAK, + --: + c,AK,,. 
Since AK, = A,K,, AK, = A,K3,..., AK, = A,,K,,, the last line becomes 

AX, = c)A,;K, + c)A,K, + --: + c,A,AK,,. (4) 
Multiplying (4) by A gives 


A’X = c,A,AK, + C7A,AK, tere H C,A,AK,, 
= c,AiK, + AK, +--+: + c,A2K,,. 


Continuing in this manner, we find that 


AX) = cATK, + CASK, + ++ + c,A"K, (5) 


_ - Ax m Xr, m 
= At| cK, + co 7 K,+°:° +c, a K, }. (6) 
1 l 


Since IA,| > IA, for i = 2, 3,..., 1, we have |A,/A,| < 1 and consequently lim,,_,..(A;/A,)" = 0. 
Therefore, as m — 00, we see from (6) that 


A”Xo = Aq'c|K,. (7) 


Since a nonzero constant multiple of an eigenvector is an eigenvector, it follows from (7) that 
for large values of m and under all the assumptions that were made, the n < | matrix X,, = 
A’’X, is an approximation to a dominant eigenvector associated with the dominant eigenvalue 
A,. The rate at which this method converges depends on the quotient A,/A,: If |A,/A,| is very 
small, then convergence is fast, whereas if |A,/A,| is close to one, convergence is slow. Of course, 
this information is not as useful as it seems because we generally do not know the eigenvalues 
in advance. 

It remains, then, to approximate the dominant eigenvalue itself. This can be done by means 
of the inner product. If K is an eigenvector of a matrix A corresponding to the eigenvalue A, we 
have AK = AK, and so we have AK - K = AK - K. Since AK: K and K - K are scalars, we can 
solve this last equation for A: 


AK-K 
K-K~ 


Hence, if X,, = A’’X, is an approximation to a dominant eigenvector obtained by the iteration 
of (1), then the dominant eigenvalue A, can be approximated by the quotient 
ae AX,, ‘ Xn 


a x (8) 


m m 


The quotient in (8) is sometimes referred to as the Rayleigh quotient. 


| EXAMPLE2 | Using the Power Method 


Use the power method to approximate the dominant eigenvalue and a corresponding dominant 
2 


s. =I 


eigenvector of A = 
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SOLUTION Since we do not know the eigenvalues and eigenvectors, we may as well take 


1 
Xp = i} Now the first two terms of the sequence of vectors defined by (1) are 


xmas _)()-C) 
mmani=(5 _i)(2)- Co) 


The next five vectors obtained in this manner are given in the following table: 


i 3 4 5) ) 7 
. Ge e& Ge ce Gee 
: 68 364 We: 8956 44,588 
At this point it may not appear that we are getting anywhere, since the entries of the vectors 
in the table appear to be growing without bound. But bear in mind that (7) indicates we are 
obtaining a constant multiple of a vector. If the power method converges, then by factoring 


the entry with the largest absolute value from X,, (for a large value of m), we should obtain a 
reasonable approximation to a dominant eigenvector. From the table, 


1 
X, = 4 
7 = 89,30 ues) (9) 


1 
It appears then that the vectors are approaching scalar multiples of (, . 


We now use (8) to approximate the dominant eigenvalue A,. First we have 


4 2 1 4. 
mo <1) loss) “Ga 
3 —1/\0.4993 2.5007 
4. re 4 
AX, : X, = ( eae ( ) = 6.2472 


2.5007/ \0.4993 


1 \/1 
X,-X,= = 1.2493. 
peee ee an 


Finally, we have 


fe AX,*X, _ 6.2472 _ sq006 
PO Se, ~~ og 


The reader should use the procedure of Section 8.7 to verify that the eigenvalues and corre- 


1 1 

sponding eigenvectors of A are A; = 5, A, = —2, K,; = € a and K, = & = 
Hi Sca ling As we have just seen, iteration of (1) often results in vectors whose entries become 
very large in absolute value. Large numbers can, of course, cause a problem if a computer is 
used to carry out a great number of iterations. The result in (9) suggests that one way around 
this difficulty is to use a scaled-down vector at each step of the iteration. To do this, we simply 
multiply the vector AX, by the reciprocal of the entry with the largest absolute value. That is, 

we multiply 
x) 


1 


max{|x;|, |X|, ---5 [Xal} 


AX, = 


Xn 


This resulting matrix, whose entries are now less than or equal to one, we label X,. We repeat 
the process with the vector AX, to obtain the scaled-down vector X,, and so on. 


| EXAMPLE3 | Example 2 Revisited 


Repeat the iterations of Example 2 using scaled-down vectors. 


SOLUTION From AX, = é ‘Ct = (5) we define 


3. -1/\l 


er, 
ne Le: 0.3333) 


4 2/1 4.6666 
Per Ax = = i 
suai é = ‘) aan) Ge) Weenie 


ec! Gere 1 ) 
> 4.6666 \2.6667 0.5714)" 


We continue in this manner to construct the following table: 


i ) 4 5) 6 i 


il 1 1 1 1 
xX, 
: a en fee er Cx 


In contrast to the table in Example 2, it is apparent from this table that the vectors are 
1 
approachin : = 
Pp g (5) 


Hi Method of Deflation After we have found the dominant eigenvalue A, of a matrix A it 
may still be necessary to find nondominant eigenvalues. The procedure we shall consider next 
is a modification of the power method and is called the method of deflation. We will limit the 
discussion to the case where A is a symmetric matrix. 

Suppose A, and K, are, respectively, the dominant eigenvalue and a corresponding normalized 
eigenvector* (that is, IIK,!l = 1) of a symmetric matrix A. Furthermore, suppose the eigenvalues 
of A are such that 


IA\I > IAg| > IA3l 2s 21,1. 
It can be proved that the matrix 
B =A — 4,K,K{ (10) 
has eigenvalues 0, A>, A3, ..., A, and that eigenvectors of B are also eigenvectors of A. Note that 


A, is now the dominant eigenvalue of B. We apply the power method to B to approximate A, and 
a corresponding eigenvector. 


| EXAMPLE 4 | Using the Method of Deflation 


Use the method of deflation to approximate the eigenvalues of 


1 2 -1 
A= 2 1 1 
=[ 1 0 
SOLUTION We begin by using the power method with scaling to find the dominant eigenvalue 
1 
and a corresponding eigenvector of A. Choosing Xp = | 1 |, we see that 
1 


*See Example 3 in Section 8.10. 
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1 2 -1 2 1 2 0.5 
AXy = 2 1 1 =|4 so X,= ri 4};=] 1 
-1 1 0/7 \l 0 0 0 
1 2 —-1\/0.5 25 1 2.5 1 
AX, = 2 1 1 1 J={ 2 so X, = 35 2 )=|]08 
-1 1 0 0 0.5 ~\0.5 0.2 
The scaled vectors X; to X,9 are given in the following table: 
i 3 4 5 6 7 8 9 10 
0.8 1 0.9134 1 0.9614 1 0.9828 1 
X; 1 0.8837 1 0.9440 1 0.9744 1 0.9885 
—0.0667 0.0698 —0.0394 0.0293 —0.0188 0.0129 —0.0086 0.0058 


Utilizing Xj, and (8), we find 


AX,)°X 
y= = 29087, 
Xio : Xo 


It appears that the dominant eigenvalue and a corresponding eigenvector are, respectively, 
1 


A, =3andK=j] 1 


0 
Our next task is to construct the matrix B defined by (10). With IIKII = \/2, the normalized 
1/V2 
eigenvector is K, = | 1/ V/2 . Thus, 
0 


— 
i) 


| 
ran 
an 


0 


—0.5 05  —-1 
= 05 =0.5 1 
—1 1 0 


-1 V2 
B={ 21 1]|-3 Vv Jay 1/V2 0) 
0 
0 
0 


lI 
N 
= eB bP 
| 
CO vip vw 
CO vip nw 


We now use the power method with scaling to find the dominant eigenvalue of B. With 


X,y = | 1 | again, the results are summarized in the following table: 


all 0.5 all 0.8333 al 0.9545 al 
X; 1 ANS) 1 —0.8333 1 —0.9545 1 
0 1 —0.6667 1 —0.9091 1 —0.9767 


Utilizing X, and (8), we find 
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Review (6) and Theorems 8.8.2 
and 8.8.3 on pages 423-424. 


From these computations it seems apparent that the dominant eigenvalue of B and a 
—1 
corresponding eigenvector are A, = —2 and K = 1 
= 
To find the last eigenvalue of A, we repeat the deflation process to find the dominant 
eigenvalue and a corresponding eigenvector of the matrix 


0.1667 —0.1667 —0.3333 
C=B-A,K,K! =| —-0.1667 0.1667 —_—(0.3333 
—0.3333 0.3333. ———:0.6667 


-1/V3 
where we have used K, = 1/V3 . The student is encouraged to verify that 


~1/V3 


A3 = i 


Example 4 is somewhat artificial since eigenvalues of a matrix need not be “nice” numbers 
such as 3, —2, and |. Moreover, we used the exact values of the dominant eigenvalues A, and A, 
in the formation of the matrices B and C. In practice, of course, we may have to be content with 
working with approximations to the dominant eigenvalue A, and a corresponding normalized 
dominant eigenvector K, of A. If these approximations are used in (10), an error is introduced 
in the computation of the matrix B, and so more errors may be introduced in the computation of 
its dominant eigenvalue A, and dominant eigenvector Ky). If A, and K, are now used to con- 
struct the matrix C, it seems reasonable to conclude that errors are being compounded. In 
other words, the method of deflation can become increasingly inaccurate as more eigenvalues 
are computed. 


[| Inverse Power Method In some applied problems we are more interested in approxi- 
mating the eigenvalue of a matrix A of smallest absolute value than the dominant eigenvalue. If 
A is nonsingular, then the eigenvalues of A are nonzero, and if A,, A»,..., A,, are the eigenvalues 
of A, then 1/A,, 1/A3,..., 1/A,, are the eigenvalues of A’ '. Now if the eigenvalues of A can be 
arranged in the order 


Mei She =i aie, 


then we see that 1/A,, is the dominant eigenvalue of A’ '. By applying the power method to A’, 
we approximate the eigenvalue of largest magnitude and, by taking its reciprocal, we find the 
eigenvalue of A of least magnitude. This is called the inverse power method. See Problems 
11-13 in Exercises 8.11. 


| 8.11 | Exercises Answers to selected odd-numbered problems begin on page ANS-18. 


To the Instructor/Student: A calculator with matrix capabilities In Problems 3-6, use the power method with scaling to find the 


or a CAS would be useful in the following problems. 


dominant eigenvalue and a corresponding eigenvector of the 
given matrix. 


Each matrix in Problems 1-10 has a dominant eigenvalue. 


In Problems | and 2, use the power method as illustrated in 


Gy) “(9 


Example 3 to find the dominant eigenvalue and a corresponding 


dominant eigenvector of the given matrix. 


a 


1 I 
2 0 


) 


5 4 2 3 1 1 
é ra Ss 2 ie 1 4 
a 2 2 0 2 
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In Problems 7—10, use the method of deflation to find the 
eigenvalues of the given matrix. 
co 
8. 
3 9 


Co 


a=), 0 0 oO -4 
fb 2. -1 10. 0-4 O 
O =1 .3 -4 0 15 


In Problems 11 and 12, use the inverse power method to find the 
eigenvalue of least magnitude for the given matrix. 


& ') =02 4) 
11. 12. 
3 4 0.4 —-0.1 
13. In Example 4 of Section 3.9 we saw that the deflection curve 
of a thin column under an applied load P was defined by the 
boundary-value problem 
2 


d 
EI +Py=0, y(0)=0, y(Z)=0. 
X 


In this problem we show how to apply matrix techniques to 
compute the smallest critical load. 
Let the interval [0, L] be divided into n subintervals of length 


h = Lin, and let x; = th, i = 0, 1,...,n. For small values of h 
it follows from (6) of Section 6.5 that 


d*y _ ditt 2y; + Yi-i 
dx? h? : 


where y; = y(%)). 
(a) Show that the differential equation can be replaced by the 


difference equation 
Ely;4; — 2y; + y,-1) + Ph’y,;=0, i=1,2,...,n—1. 


(b) Show that for n = 4 the difference equation in part (a) 
yields the system of linear equations 


, - : v1 7 PL Bail 
sae Mo 
0 —-I1 2/ \y3 Y3 


Note that this system has the form of the eigenvalue prob- 
lem AY = AY, where A = PL’/16EL. 

(c) Find A’’. 

(d) Use the inverse power method to find, to two decimal 
places, the eigenvalue of A of least magnitude. 

(e) Use the result of part (d) to compute the approximate 
smallest critical load. Compare your answer with that 
given in Section 3.9. 

14. Suppose the column in Problem 13 is tapered so that the 
moment of inertia of a cross-section / varies linearly from 
1(0) = Ih = 0.002 to (L) = I, = 0.001. 

(a) Use the difference equation in part (a) of Problem 13 with 
n = 4 to set up a system of equations analogous to that 
given in part (b). 

(b) Proceed as in Problem 13 to find an approximation to the 
smallest critical load. 


Computer Lab Assignment 


15. In Section 8.9 we saw how to compute a power A” for ann X n 
matrix A. Consult the documentation for the CAS you have on 
hand for the command to compute the power A”. (In Mathematica 
the command is MatrixPower[A, m].) The matrix 


>» 2 0 
A=]|-2 3: == 
0 -il 1 


possesses a dominant eigenvalue. 


(a) Use a CAS to compute A”. 
(b) Now use (2), X,, = A’ Xp, with m = 10 and 
1 
Xp = | O J, tocompute X,,. In the same manner compute 
0 
X,,. Then proceed as in (9) to find the approximate 
dominant eigenvector K. 
(c) If K is an eigenvector of A, then AK = AK. Use this 
definition and the result in part (b) to find the dominant 
eigenvalue. 


8.2] Diagonalization 


INTRODUCTION 


In Chapter 10 we shall see that eigenvalues, eigenvectors, orthogonal matri- 


ces, and the topic of this present section, diagonalization, are important tools in the solution of 
systems of linear first-order differential equations. The basic question that we shall consider in this 


section is 


For ann X nmatrix A, can we find ann X n nonsingular matrix P such that P-'AP = D 


is a diagonal matrix? 


HA Special Notation We begin by introducing a shorthand notation for the product of 
two n X n matrices. This notation will be useful in proving the principal theorem of this section. 
To illustrate, suppose A and B are 2 X 2 matrices. Then 


AB = @ 


ay) 
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ie 2 = ea + ayxby, 
by, bap AyD, + Agby, 


ay Dy + ie (1) 


AyD \y + Aggbr) 


column | column 2 


b b 
If we write the columns of the matrix B as vectors X, = i) and X, = ‘ then column | 
21 22 
and column 2 in the product (1) can be expressed as the products AX, and AX). That is, 


column | column 2 


In general, for two n X n matrices 
AB = A(X, X,... X,,) = (AX, AX,... AX,), (2) 


where X,, X,,..., X,,, are the columns of B. 


n? 


il Diagonalizable Matrix IfannXn nonsingular matrix P can be found so that P™ 'AP=D 
is a diagonal matrix, then we say that the n X n matrix A can be diagonalized, or is diagonaliz- 
able, and that P diagonalizes A. 

To discover how to diagonalize a matrix, let us assume for the sake of discussion that A is a 
3 X 3 diagonalizable matrix. Then there exists a3 X 3 nonsingular matrix P such that P-'AP = D 
or AP = PD, where D is a diagonal matrix 


D= 0 dy 0 
0 0 dy 


If P,, P,, and P; denote the columns of P, then it follows from (2) that the equation AP = PD is 
the same as 


(AP; AP, AP3) = (dP; dP. d33P3) 
or AP, = d, iP), AP, = dyP >, AP; = d33P3. 


But by Definition 8.8.1 we see that d,,, d,,, and d3; are eigenvalues of A associated with the 
eigenvectors P,, P,, and P;. These eigenvectors are linearly independent, since P was assumed 
to be nonsingular. 

We have just discovered, in a particular case, that if A is diagonalizable, then the columns of 
the diagonalizing matrix P consist of linearly independent eigenvectors of A. Since we wish to 
diagonalize a matrix, we are really concerned with the validity of the converse of the last sentence. 
In other words, if we can find n linearly independent eigenvectors of ann X n matrix A and form 
ann X n matrix P whose columns consist of these eigenvectors, then does P diagonalize A? The 
answer is yes and will be proved in the next theorem. 


Theorem 8.12.1 Sufficient Condition for Diagonalizability 


If ann X n matrix A has n linearly independent eigenvectors K,, K,,..., K,,, then A is 
diagonalizable. 


PROOF: We shall prove the theorem in the case when A is a3 X 3 matrix. Let K,, K5, and K; 
be linearly independent eigenvectors corresponding to eigenvalues A,, A, and A;; that is, 


AK, =),K,, AK,=A,K;, and AK, = A;K3. (3) 


Next form the 3 X 3 matrix P with column vectors K,, K,, and K;: P = (K, K, K;). P is non- 
singular since, by hypothesis, the eigenvectors are linearly independent. Now using (2) and (3) 
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we can write the product AP as 


AP = (AK, AK, AK;) _ (A,K, AK, A3K3) 


A, O O 
= (K,K,K;)} 0 A, O | =PD. 
0 O A; 


Multiplying the last equation on the left by P~' then gives P-'AP = D. = 


Note carefully in the proof of Theorem 8.12.1 that the entries in the diagonalized matrix are the 
eigenvalues of A and the order in which these numbers appear on the diagonal of D corresponds 
to the order in which the eigenvectors are used as columns in the matrix P. 

In view of the motivational discussion preceding Theorem 8.12.1, we can state the general 
result: 


Theorem 8.12.2 Criterion for Diagonalizability 


Ann X n matrix A is diagonalizable if and only if A has n linearly independent eigenvectors. 


We saw in Section 8.8 that an X n matrix A has n linearly independent eigenvectors whenever 
it possesses n distinct eigenvalues. 


Theorem 8.12.3 Sufficient Condition for Diagonalizability 


If ann X n matrix A has n distinct eigenvalues, it is diagonalizable. 


| EXAMPLE1 | Diagonalizing a Matrix 


—5 9 
Diagonalize A = (-? _ if possible. 


SOLUTION First we find the eigenvalues of A. The characteristic equation is det(A — AI) = 


== A 9 

~6 10-al_ NM — 5A + 4= (A — 1)(A — 4) = O. The eigenvalues are A, = 1 
and A, = 4. Since the eigenvalues are distinct, we know from Theorem 8.12.3 that A is 
diagonalizable. 


Next the eigenvectors of A corresponding to A, = | and A, = 4 are, respectively, 


o-() a x-() 


Using these vectors as columns, we find that the nonsingular matrix P that diagonalizes A is 


3 1 
P = (K, K,) = 6 7 


1: =i 
Now Pl= ( } 
—2 3 


and so carrying out the multiplication gives 


rare(2 CE IE DG Den = 


1 3 
In Example 1, had we reversed the columns in P, that is, P = ( 


) then the diagonal 
1 2 


matrix would have been D = 01 


A matrix with repeated eigenvalues » 
could be diagonalizable. 


| EXAMPLE2 | Diagonalizing a Matrix 


1 2 1 
Consider the matrix A = 6 -l 0 |. We saw in Example 2 of Section 8.8 that the 
=) =2 -=1 
eigenvalues and corresponding eigenvectors are 
1 =] 2 
A, =0, A, = -4, A; =3, K, = 6], K,= 2], K,= 3 
=13 1 =2 


1 -1 2 
P = (K, K,K;) = 6 2 3 
—13 -2 


Matching the eigenvalues with the order in which the eigenvectors appear in P, we know that 
the diagonal matrix will be 


0 0 0 
D=|0 -4 0 
0 0 3 


Now from either of the methods of Section 8.6 we find 


— 0 -7 
Pl=|-% 7 as), 
8 1 2 
21 #7 21 
-4 0 -¢ [ 2 J 1-1 2 
and so P'UAP=|-% 7? ]| 6 -1 O 6 2 3 
5 # 1-2 -1 13 1 -2 
0 00 
=|0 -4 0/=D S 
0 0 3 


The condition that ann X n matrix A have n distinct eigenvalues is sufficient—that is, a 
guarantee—that A is diagonalizable. The condition that there be n distinct eigenvalues is not a 
necessary condition for the diagonalization of A. In other words, if the matrix A does not have 
n distinct eigenvalues, then it may or may not be diagonalizable. 


| EXAMPLE3 | A Matrix That Is Not Diagonalizable 


3.4 
In Example 3 of Section 8.8 we saw that the matrix A = (_ 1 ‘) has a repeated eigenvalue 


2 
A, = A, = 5. Correspondingly we were able to find only a single eigenvector K, = (7). We 


conclude from Theorem 8.12.2 that A is not diagonalizable. = 


| EXAMPLE4 | Repeated Eigenvalues Yet Diagonalizable 


0 1 0 
The eigenvalues of the matrix A= | 1 0O O | areA, = —landA, =A; = 1. 
0 0 1 
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1 


For A, = —1 we find K,; = | —1 |. For the repeated eigenvalue A, = A3 = 1, Gauss—Jordan 
elimination gives 0 


= 1 0 row 1 -1 0O 
operations 


(A — 110) = 1 -1 0O => 0 0 0 
0 0 0 0 0 0 


From the last matrix we see that k, — ky = 0. Since k3 is not determined from the last matrix, 
we can choose its value arbitrarily. The choice k, = 1 gives k, = 1. If we then pick k; = 0, we 
get the eigenvector 


K, _ 1 
0 
The alternative choice k, = 0 gives k, = 0. Ifk; = 1, we get another eigenvector correspond- 
ing toA, =A, =1: 


0 
K, =| 0 
1 


Since the eigenvectors K,, K,, and K; are linearly independent, a matrix that diagonalizes A is 


1 1 O 
P=;|-1 1 O 
0 0 1 


Matching the eigenvalues with the eigenvectors in P, we have P-'AP = D, where 


-1 0 0 
D= 0 1 0 
0 0 1 


Hi Symmetric Matrices Ann Xn symmetric matrix A with real entries can always be 
diagonalized. This is a consequence of the fact that we can always find n linearly independent 
eigenvectors for such a matrix. Moreover, since we can find n mutually orthogonal eigenvectors, 
we can use an orthogonal matrix P to diagonalize A. A symmetric matrix is said to be orthogo- 
nally diagonalizable. 


Theorem 8.12.4 Criterion for Orthogonal Diagonalizability 


Ann X n matrix A can be orthogonally diagonalized if and only if A is symmetric. 


PARTIAL PROOF: We shall prove the necessity part (that is, the “only if” part) of the theorem. 
Assume ann X n matrix A is orthogonally diagonalizable. Then there exists an orthogonal ma- 
trix P such that P-'AP = D or A = PDP’. Since P is orthogonal, P-' = P’ and consequently 
A = PDP’. But from (i) and (iii) of Theorem 8.1.2 and the fact that a diagonal matrix is sym- 
metric, we have 


A’ = (PDP”)' = (P’)'D'P’ = PDP’ = A. 


Thus, A is symmetric. 


See the Remarks 
on page 451. 


> 


| EXAMPLES | Diagonalizing a Symmetric Matrix 


9 1 1 
Consider the symmetric matrix A=} 1 9 1 |.Wesaw in Example 4 of Section 8.8 that 
1 1 9 
the eigenvalues and corresponding eigenvectors are 
1 = = 
A, = 11, 4,=4;=8 K,=] 1], K= 1], K,= 0 
1 0 1 


The eigenvectors K,, K,, and K; are linearly independent, but note that they are not mutually 
orthogonal since K, and Kg, the eigenvectors corresponding to the repeated eigenvalue A, = A3 = 8, 
are not orthogonal. For A, = A3 = 8, we found the eigenvectors from Gauss—Jordan elimination 


Pot 1)\ tonsf 1 1 1 
(A-—8stio)={|1 1 1] > [0 0 O}], 
L i 7 0 0 O 


which implies that k, + k, + k3; = 0. Since two of the variables are arbitrary, we selected 
ky = 1, k; = 0 to obtain Kg, and ky = 0, k3 = 1 to obtain K3. Now if instead we choose ky = 1, 
k; = 1 and then k, = 1, k3 = —1, we obtain, respectively, two entirely different but orthogo- 
nal eigenvectors: 


=2 0 
K, = 1 and K,= 1 
1 —1 


Thus, a new set of mutually orthogonal eigenvectors is 


1 -2 0 
Ke) il, Kea] ik B= 4 
1 1 -1 


Multiplying these vectors, in turn, by the reciprocals of the norms IIK,|I = V3, IKI] = V6, 
and IIK3ll = \/3, we obtain an orthonormal set 


ae _ 2 0 
3 V6 

SS. 2 2 
V3 7 Vo! V2 
i 1 1 


V3, V6 V2 


We then use these vectors as columns to construct an orthogonal matrix that diagonalizes A: 


a a6 

pal 1 1 
V3 Vo V2t 

1 1 1 


V3 V6 v2 


The diagonal matrix whose entries are the eigenvalues of A corresponding to the order in 
which the eigenvectors appear in P is then 


ll 0 O 
D=|{ 0 8 O 
0 0 8 
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This is verified from 


1 1 1 1 2 
ee 0 
Vive Na\7e-4 qiVa. Ve 
2 1 i 1 1 1 
P'AP P’AP 19 1 
Vo Ve Voll, 1 ofl V3 Ve v2 
1 1 1 1 1 
@) ee en 
V2 V2 Vs AS. A 


aononeo 
NnY—_—” 
I 
o 
mM 


1 
=| 0 
0 


]| Quadratic Forms An algebraic expression of the form 


ax? + bey +o? (4) 


is said to be a quadratic form. If we let X = & then (4) can be written as the matrix product 
y 


1 
XTAX =( vi" ) (5) 
2 cy XY. 


a %b 


Observe that the matrix A = (, . ) is symmetric. 
c 


xb 
2 
In calculus you may have seen that an appropriate rotation of axes enables us to eliminate the 
xy-term in an equation 
ax’ + bry + cy’ + dxt+ey+f=0. 


As the next example will illustrate, we can eliminate the xy-term by means of an orthogonal 
matrix and diagonalization rather than by using trigonometry. 


| EXAMPLE6 | Identifying a Conic Section 


Identify the conic section whose equation is 2x” + 4xy — y* = 1. 


SOLUTION From (5) we can write the given equation as 


(G -)()- 
(x 5 Sia or 


2 2 
where A = ( 7 and X = (*). Now the eigenvalues and corresponding eigenvectors 
~ yi 


2s-Q) 


Observe that K, and K, are orthogonal. Moreover, IIK,II = IIK,ll = V5, and so the vectors 


X'AX = 1, (6) 


of A are found to be 


y= 3, = 3, K, = ( 


and 


= 
V5 
—2 


V5 


are orthonormal. Hence, the matrix 


1 2 
p-| V5 V5 
2 1 


Xx 
is orthogonal. If we define the change of variables X = PX’ where X’ = (*), then the 
quadratic form 2x* + 4xy — y* can be written 


X7AX = (X’)’P’APX’ = (X’)’(P’AP)X’. 
Since P orthogonally diagonalizes the symmetric matrix A, the last equation is the same as 
X"AX = (X’)’DX’. (7) 


Using (7), we see that (6) becomes 


=9. 0) (XxX P : 
(X Y) =1 or —2x2+3Y?=1. 
0 3/\Y 


This last equation is recognized as the standard form of a hyperbola. The xy-coordinates of 
the eigenvectors are (1, —2) and (2, 1). Using the substitution X = PX’ in the form X’ = 
P-'X = P’X, we find that the XY-coordinates of these two points are (5, 0) and (0, V5), 
respectively. From this we conclude that the X-axis and Y-axis are as shown in FIGURE 8.12.1. 
The eigenvectors, shown in red in the figure, lie along the new axes. The X- and Y-axes are 
FIGURE 8.12.1 X- and Y-axes in Example 6 called the principal axes of the conic. = 


REMARKS 


The matrix A in Example 5 is symmetric and as such eigenvectors corresponding to distinct 
eigenvalues are orthogonal. In the third line of the example, note that K,, an eigenvector for 

=Il =ll 
A, = 11, is orthogonal to both K, and K;. The eigenvectors K, = 


corresponding to A, = A; = 8 are not orthogonal. As an alternative to searching for orthogo- 


nal eigenvectors for this repeated eigenvalue by performing Gauss—Jordan elimination a sec- 
ond time, we could simply apply the Gram—Schmidt orthogonalization process and transform 
the set {K,, K;} into an orthogonal set. See Section 7.7 and Example 4 in Section 8.10. 


In Problems 1—20, determine whether the given matrix A is 0 1 1 2 
diagonalizable. If so, find the matrix P that diagonalizes A and 9 (_ 1 :) 10 € ) 
the diagonal matrix D such that D = P“'AP. 1 01 12 2 
2 3 =4 =5 11. ° -1 3 12 2 3 =2 
‘ (; :) 2 ( 8 . 0 0 2 = 3 8 
0 1 0 5 lL =i 1 0 =-9 0 
: € s) : (| *) 13. ° 10 m4. {1 0 0 
-—9 13 =5 =3 1 -1 1 0) 0 1 
: (3 :) : ( 3 7 1 3 -1 1 1 0 
2 ae | 15. ° 2 4 16,0 2 0 
7. 8 
( ) ( 1 =) a oe 
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1 2 0 0 0 1 
17. | 2 -1 O 18 | 1 O —3 
0 0 1 0 1 3 


4 4 
0 0 0 
1 1 
0 oo 


In Problems 21-30, the given matrix A is symmetric. Find an 
orthogonal matrix P that diagonalizes A and the diagonal matrix 
D such that D = P’AP. 


1 1 3 2 
21. 22. 
1 1 2 0 
1. =2 
24. 
=2 1 


0 1 0 LP 2 2 
2. | 1 O O 26 =2 | =2 
0 0 1 2. =2 1 
3 =2 0 3 0 1 
27 =2 6. = 2 28. | 0 1 O 
0 -2 7 1 0 1 
1 1 
ae 1010 
22. |0 1 O 30 
0 1 0 1 
7 0 1 
1 0 1 0 


In Problems 31—34, use the procedure illustrated in Example 6 
to identify the given conic section. Graph. 


31. 5x? — 2xy + Sy? = 24 

32. 13x° — 10xy + 13y* = 288 

33. —3x* + 8xy + 3y’ = 20 

34. 16x° + 24xy + Oy’ — 3x + 4y =0 


35. Finda2 X 2 matrix A that has eigenvalues A, = 2 and A, = 3 
and corresponding eigenvectors 


w-() at x-() 


36. Find a3 X 3 symmetric matrix that has eigenvalues A, = 1, 
A, = 3, and A; = 5 and corresponding eigenvectors 


1 1 1 
K, = —1 ,K,= 0) , and K,; = 2 
1 =] 1 


37. If A is ann X n diagonalizable matrix, then D = PAP, 
where D is a diagonal matrix. Show that if m is a positive 
integer, then A” = PD’P |. 

38. The mth power of a diagonal matrix 


a, O - O 
D- 0 ay 0) 
0 0 Ann 

aj, O 0 

is pr=| ° % y 
0 O am 


Use this result to compute 


2 0 & OY 
0 3 0 0 
0 0 -1 O 
0 0 0 5 


In Problems 39 and 40, use the results of Problems 37 and 38 to 
find the indicated power of the given matrix. 


1 1 6 —10 
39. a=( ) A 40. a=( A’? 
2 0 3 5 


41. Suppose A is a nonsingular diagonalizable matrix. Then show 
that A! is diagonalizable. 


42. Suppose A is a diagonalizable matrix. Is the matrix P unique? 


8.13] LU-Factorization 


INTRODUCTION 


Just as positive integers and polynomials can be factored, so too a matrix 


can sometimes be factored into other matrices. For example, in the last section we saw that if an 
n X nmatrix A is diagonalizable, then there exists a nonsingular matrix P and a diagonal matrix 
D such that P-'AP = D. When the last equation is written as A = PDP! we say that A has 


The notion of a triangular matrix > 
was introduced in Section 8.1. 


See page 372. triangular matrices. 
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been factored or decomposed into three matrices. There are many ways of factoring ann X n 
matrix A, but in this section we are interested in a special type of factorization that involves 


See page 386 at the end of > 
Section 8.2. 


]| LU-Factorization Recall, a triangular matrix is a square matrix that is either a lower 
triangular matrix whose entries above the main diagonal are all zero or an upper triangular 
matrix whose entries below the main diagonal are all zero: 


ly O 0 0 Uy, U2 43 Un 
ly ly O 0 0 Uy, U3 Udy 
ly ly b3 7 0 0 0 U23, U3) | (1) 
Ln lio Lg _ Lin 0 0 0 = Unn 
lower triangular matrix upper triangular matrix 


Lower and upper triangular matrices are very important in a variety of computational applica- 
tions, but in this section we will confine our attention to their use in solving linear systems 
AX = B. We will denote a lower triangle matrix by the letter L and an upper triangular matrix 
by U. This leads to the following definition. 


Definition 8.13.1 LU-Factorization 


Let A be ann X n matrix. If A can be written as a product A = LU where L and U are lower 
triangular and upper triangular matrices, respectively, then we say that A = LU is an 
LU-factorization of A. 


An LU-factorization of a matrix A is also called an LU-decomposition of the matrix A. 


| EXAMPLE1 | An LU-Factorization 


1 1 1 1 0 O 
Suppose A = | 3 1 2 |. Then for the lower triangular matrix L=|3 1 0 
1 -1 1 1 1 1 1 1 1 
and the upper triangular matrix U=|0O  —2 -—I | it is easily verified by matrix 
0 0 1 


multiplication that an LU-factorization of A is 


1 0 O\/1 1 1 1 1 
LU=|{3 1 Oj}; 0 -2 —-1] =} 3 1 2) =A. (2) = 
1 1 1/\0 0 1 1-1 1 


Hi Finding an LU-Factorization Of course, the obvious question is: How do we find an 
LU-factorization for a given matrix A? For the sake of discussion let’s assume that A is a3 X 3 
matrix, although the procedures discussed in this section are applicable to square matrices of any 
order. We want to find two 3 X 3 matrices L and U such that A = LU or 


A L U 
41 Ay. 443 ly, 0 0 Uy, U2 Uy3 
4, Gy G3} =|bh ln 0 0 Un. =Up3 | - (3) 
43; 432 33 I, ly bsg 0 0 U33 


By carrying out the indicated multiplication on the right-hand side of (3) and equating its 
entries to the corresponding known entries a; on the left-hand side we obtain a system of 9 
equations in 12 variables, the variables being the /;; and uj. Recall, such a system is under- 
determined and, if consistent, would have many solutions. This leads us immediately to the 
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conclusion that the matrices L and U in an LU-factorization are not uniquely determined. 
In other words: 
e Ann Xn matrix A can have several different LU-factorizations. 


The factorization depends on the method used. 


J) Doolittle’s Method In order to determine unique matrices L and U we need to impose 
three conditions on the variables /;, and u,; in (3). The method that we examine in the examples 
that follow is called Doolittle’s method after the American mathematician Myrick H. Doolittle 
(1830-1913). In this method the main diagonal entries /;, of L in (3) are chosen to be all 1’s. The 
next example illustrates a method for obtaining the remaining nine variables. 


| EXAMPLE2 | Example 1 Revisited 


Use Doolittle’s method to find an LU-factorization of 


1 1 1 
A=]3 LL 2 
1 =! 1 


SOLUTION The matrix A is the one considered in Example 1. We are going to show how the 
factorization given in (2) can be found. Using (3) with J, = 1, i = 1, 2, 3 in the lower trian- 
gular matrix L we write 


L U 
SN 
0 0 Uy, Uy U3 Uy Uj2 U3 
by, 1 0 0 Uy, U3 | = | boyy InjUyy + Udp In)Uy3 + U3 : (4) 
Ij) ly 1 0 0 U33 Iyyty, — Ugyltyy F Lgyttyy Ly y3 + L993 + Ugg 


Then by the definition of equality of matrices we must have 


1= uy, 1 = up, 1 = 43, 
3 = by, 1 = buy + Ur, 2 = by; + U3, (5) 
1 = by, 1 = byttyy + Iy2tap, 1 = byyty3 + Iy2to3 + 33. 


At first glance (5) may look a bit formidable to solve, but it is not. Indeed, (5) is not so much 
a system of equations as it is a sequence of nine linear equations in one variable. The trick in 
solving (5) is to read each equation beginning with the first row moving left to right and use 
previously found values to determine the one variable in each equation. The variable deter- 


mined by each equation is indicated in red in (5). Using the values u,, = 1, uj. = 1, uj3 = 1 
from the first row in the three equations in the second row yield, in turn, /5, = 3, uw. = —2, 
Ux3 = —1. Note that we also had to use /,, = 3 to find uz, and so on. The three equations in 


the third row then give /3, = 1, /3. = 1, u33 = 1. Substituting these values in the appropriate 
triangular matrices in (4) gives LU-factorization, 


L U 
1 1 1 0 O 1 1 1 
A=] 3 1 2y;=;3 1 OFF O -2 -1 i]. = 
lL --f 1 Lt 0 0 1 


I) An Algorithm Doolittle’s method is very popular in that it is easily programmed in 
computer algebra systems such as Mathematica or MATLAB. In lieu of the brute force technique 
illustrated in Example 2, we can carry out Doolittle’s method using one of the elementary row 
operations that we used in Gaussian elimination to create an upper triangular matrix U out of the 
matrix A. In particular, we use the notion of row addition, that is, adding a nonzero multiple of 
one row of a matrix A to another row. Recall from Section 8.2, the notation cR; + R; denotes the 
multiplication of the entries in the ith row of a matrix A by a nonzero constant c and adding them 


to the corresponding entries in the jth row. We state the following two-step algorithm without a 
formal proof. We assume that A has an LU-factorization. 


(i) Create an upper triangular matrix U using row addition to zero out the entries below 
the main diagonal of A. For a3 X 3 matrix, this looks like 


TOW 
Gy, yg 3 \ addition fy, yy 3 
operations ; Zz 
A=|4, ay 43 = 0 433, a3 | = U. (6) 
” 
43; 432, 433 0 0 433 


(ii) Keep a record of the negatives of the multipliers of the rows used in step (i) by en- 
tering these numbers in an appropriate-sized identity matrix I. If we perform the 
addition cR; + R;, then enter —c in the jth row and ith column of I. For example, if 
we perform 5R, + R, on A in (6) to zero out the entry in the second row and first 
column, we then replace the 0 in the second row and first column of the 3 X 3 iden- 
tity I by the number —5: 


1 0 0 
=) 1. 0 
0 0 1 


When finished with the reduction of A to U, the matrix created by recording the 
negatives of all the multipliers of the rows we used is a lower triangular matrix L 
because these numbers are placed in I in exactly the same position as the 0’s in the 
matrix U (below the diagonal). 


| EXAMPLE3 | Adding Multiples of Rows to Rows 


Find an LU-factorization of 


SOLUTION We need only perform one row-addition operation on A to obtain the desired 
upper triangular matrix U. We simultaneously create L using the 2 X 2 identity I: 


2 =<—8\GRtR/2 << 
3 0 0) 12 
6 i SC ’) (7) 
I= => |3 : 
0 1 5 1 


u=(5 9) me ba( 
~\o 12 se ~ 


An LU-factorization of A is given by 
2 =8 1. O*\/2) 3-8 
a=(5 )-G allo a} 
3 0 x I/\O 12 


| EXAMPLE4 | Adding Multiples of Rows to Rows 


Find an LU-factorization of 


From (7) we see that 


-1 2 -4 
A=[{ 2 -5 10 
3 1 6 
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SOLUTION In this case the reduction of A to U requires three row-addition operations. We 
record the negatives of the multiples of the rows in the 3 X 3 identity I: 


cal | 2 —4\ 2htk f —] 2 —4 = 2 —4 
3R, +R; TR, +R; 
A= 2. 5 10 = OC: = 2 => 0 -il 2 
3 1 6 0) 7 —6 0 0 8 
1 0 0)\teconm-2/ 1 0 O 1 0 0 (8) 
record —3 record —7 
I=|0 1 O => —2 1 0 => =) 1 O 
0 0 1 =3 0 1 =3 =f ‘1 


Inspection of (8) yields 


=] 2 -4 1 0 0 
U= 0 -l 2 and L={| -2 1 0 
0 0 8 =3  =7 1 


=1 2 —-4 1 0 O =1 2 —4 
A= 2 -5 10] =] -2 1 O 0 -l 2 = 
3 1 6 =3. =7 I 0 0 8 


1 Solving Linear Systems Suppose AX = B is a linear system of n equations in n 
variables. If ann X n coefficient matrix A in the system has an LU-factorization A = LU 
then AX = B is the same as (LU)X = B, or L(UX) = B. This last system can be solved 
efficiently in two steps: 


(i) First, let Y = UX so that L(UX) = B becomes LY = B. Solve for Y by 
forward-substitution. 
(ii) Then solve UX = Y for X using back-substitution. 


The next example illustrates the method. 


| EXAMPLE5 | Example 1 Revisited 
Solve the system 
xX, $x, + x, =0 
1 


3x, + x, + 2x, = 
Xj) — Xt x = 4. 


SOLUTION In terms of the matrix notation AX = B, the linear system is the same as 


1 1 xX] 0 
3 t 2iled=/1 (9) 
-1 1/\x, 4 


where the coefficient matrix A in (9) is the matrix in Example 1. Using the LU-factorization 
of A given in (2) of Example 1, (9) can be written 


(10) 


If we let UX = Y in (10), where Y is the column matrix 


J 
Y=] 2 (11) 
J3 
then (10) is the same as LY = B: 
1 0 0 yi 0 yi = 0 
3 1 O}fy]=]1 or 3y, + yo =1 (12) 
1 1 1 V3 4 yy + yy + y3 = 4. 


We now use forward-substitution in the second form of the system in (12). That is, we sub- 
stitute y,; = 0 obtained from the first equation into the second equation of (12). This imme- 
diately gives y, = 1. Then substituting both these values into the third equation of (12) yields 
y3 = 3. Since the column matrix Y is now determined, we now solve UX = Y, that is 


1 1 1 x) 0 xX) +X +23 = 0 
0 -2 -1l]ixn]= fl or —2x% — x, = 1 (13) 
0 0 1 X3 3 x3 3. 


We solve the second form of the system in (13) by back-substitution, that is, we substitute 


x3; = 3 from the third equation into the second equation to obtain x, = —2. Substituting 
these two values into the first equation of (13) yields x, = —1. Hence the solution of the 
original system is x, = —1,x, = —2,x, = 3. = 


See Theorem 8.5.6 on > Hi Relationship to Determinants Ifann X< nmatrix Ahas anLU-factorization A = LU, 
page 401. then det A is easy to evaluate using the determinant property det A = det L - det U. 


| EXAMPLE6 | Determinant of a Factored Matrix 


Evaluate the determinant of the matrix A in Example 4. 


SOLUTION From Example 4 an LU-factorization A = LU is 


| 2 —4 1 0 O —1 2 —4 
A= 2 =) 10 |} =| -2 1 O QO -il 2 
3 1 6 —-3 -7 1 0) 0 8 
so that 
1 0 O —l 2 —4 
det A = det] —2 1 O |} det Oo -il 2 |. (14) 
—-3 -7 1 0 ) 8 


Now here is the beauty of this technique. Going back to Theorem 8.5.8 we know that the 
determinant of a triangular matrix is the product of its main diagonal entries. So with no 
additional work we have immediately that (14) is 


diagonal diagonal 
entries of L entries of U 


Si OF 
det A = (1-1-1)(-1)-(-1)-8) = 8. 
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REMARKS 


(i) Not every n X n matrix A has an LU-factorization. For example, the 2 X 2 matrix 
A= ; : has no LU-factorization. Try the method in Example 2 and see what happens. 
In general, if interchanges of rows are required in the method illustrated in Examples 3 and 4 
in order to obtain U, then we say that an LU-factorization does not exist. 

(ii) When solving a linear system AX = B by Gaussian elimination, the steps of that method 
must be repeated if the coefficient matrix A is the same but the column vector B is changed. 
The method for solving systems of linear equations illustrated in Example 5 is especially 
useful if a system AX = B has to be solved for different vectors B;,i = 1, 2, ...,, since the 
matrices L and U remain the same in each system and so can be retained in a computer pro- 
gram. See Problems 31—34 in Exercises 8.13. 

(iii) If a matrix A already has a 0 below its main diagonal such as 


1 4°55 
A I 3 
0 4 6 


then we do not have to zero out the entry in the third row and first column by a row addition. 
So in the matrix in which we are recording the negatives of the multipliers we simply retain 
the 0 in the third row and first column. 

(iv) Had we chosen the main diagonal entries u,; of U in (3) to be all 1’s, then an LU-factorization 
of a3 X 3 matrix A looks like 


hy Ly. Li ylt3 
InUyy + ly 1y1U13 + Lotto; . (15) 
Iso Ly3 0 0 1 Ig, Igytyn + gg Igyty3 + dyptta3 + |y3 


This is called Crout’s method because it was devised by the American mathematician 
Preston D. Crout (1907-1984). Like the Doolittle method, Crout’s method also gives a unique 
LU-factorization of A. See Problems 41 and 42 in Exercises 8.13. 

(v) Cholesky’s method discovered by the French military officer and mathematician Andre- 
Louis Cholesky (1875-1918) is a way of finding an LU-factorization of a symmetric matrix, 
that is, a matrix A for which A = A’. The form of the factorization for a 3 X 3 symmetric 
matrix is A = LU = LL’: 


Ny li, Luly Lyyls 
bly 15, oF I Iyyls a Lyals. 6 (16) 
133 0 Ly3 Ih Ish, ar Lsolyp L3, ar L3 ar [3 


See Problems 43 and 44 in Exercises 8.13. 


| 8.13 | Exercises Answers to selected odd-numbered problems begin on page ANS-19. 


In Problems 1-10, use the procedure illustrated in Example 2 to I. 2-7 -4 2 —-10 
find the LU-factorization of the given matrix. 712 5 6 8. 4 4 
(? = ¢ *) (-! ‘) ( 5 -) Pa, oe <8 
1. 2. 3. 4. 

1 2 4 | 2 2 15 2 1-2 1 1 O 1 

4 -2 1 -—3 2 1 9. | O 1 2 10. 1 9 1 

5. | -—4 1 2 6. 9 3 2 2 6 1 1 0 -!Il 

12 1 3 3 1 -!1 


458 | CHAPTERS Matrices 


In Problems 11—20, use the procedure illustrated in Examples 3 
and 4 to find the LU-factorization of the given matrix. 


3. 9 —2 10 
11. 12. 

1 11 1 —-4 

-4 -2 0.2 0.3 
13. 14. 

=| =3 0.8 3.5 


1 1 1 =1 2 —-4 
15. | 3 1 2 16. 2 -5 10 
1 =1 1 3 1 6 
4 2 12 16 4 20 
17. 2 26 —-4 18. 4 5 3 
12 -4 56 20 3 29 
Lt =2 1 O 1 =1 3 2 
‘a =2 3. =2: 1 70. 3: <= 19 3 
2 4 3 2, =2 3. 10 
5 1 -1 1 =] > =) =2 


In Problems 21-30, proceed as in Example 5 and use the 
corresponding LU-factorization from Problems 1-10 to 
solve the given linear system of equations. 


~( a)-(a) = GG) 


C2 M= C3) Cs E)=() 
23. = 24. = 
2 De 5 I = 2/\x, 7 
A =2 1\/x; 7 
25. (- 1 2: =| 7 
i2 t£ 3/ \% 28 
—3 2 1\/x 15 
26. 9 3 (« = 3 
3 1 -1/\x, =9A 
12 7\fx 109 
27. [ 5 6 | = | 109 
7 6 4/\x 218 
=4 2 =10\/x —20 
28. 4 1 , x l={ 14 
6 6 —-8/ \x -18 


1-2 1\/x 14 
2./0 1 2||x |=| -42 
2 6 1) \x qi 
i 0 t\/x 18 
3. {1 9 aflx|]=| 27 
10 -1/\x, =12 


In Problems 31-34, use the given LU-factorization 


1 1 1 1 0 O\/1 1 1 
A=]1 2 2];/=]1 1 O7FF0 1 1 
1 2 3 1 1 1/\0 0 1 
to solve the linear system AX = B, for the given column matrix 
B,i = 1,2,3,4. 
2 —4 
31. B, = | 4 32. B, = 7 
1 10 
1 
2 30 
3.B,=| + 34. B, = | —42 
al —18 
2 


In Problems 35—40, proceed as in Example 6 and use an 
LU-factorization to evaluate the determinant det A of the 
indicated matrix A. 


35. A is the matrix in Problem 15 
36. A is the matrix in Problem 16 
37. A is the matrix in Problem 17 
38. A is the matrix in Problem 18 
39. A is the matrix in Problem 19 
40. A is the matrix in Problem 20 


In Problems 41 and 42, use Crout’s method discussed in (iv) of the 
Remarks to obtain an LU-factorization of the indicated matrix A. 
41. A is the matrix in Problem 15 

42. A is the matrix in Problem 16 


In Problems 43 and 44, use Cholesky’s method discussed in (v) 
of the Remarks to obtain an LU-factorization of the indicated 
symmetric matrix A. 


43. A is the matrix in Problem 17 
44. A is the matrix in Problem 18 


3.14 Cryptography 


INTRODUCTION The word cryptography is a combination of two Greek words: crypto, 
meaning “hidden” or “secret,” and grapho, which means “writing.” Cryptography then is the 
study of making “secret writings” or codes. 

In this section we will consider a system of encoding and decoding messages that requires 
both the sender of the message and the receiver of the message to know: 


¢ aspecified rule of correspondence between a set of symbols (such as letters of the alphabet 
and punctuation marks from which messages are composed) and a set of integers; and 
¢ aspecified nonsingular matrix A. 
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I En coding/Decoding A natural correspondence between the first 27 nonnegative integers 
and the letters of the alphabet and a blank space (to separate words) is given by 


9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 


ij k 1 m n OF p q ros t uevw x y z 


(1) 


From (1) the numerical equivalent of the message 


SEND THE DOCUMENT TODAY 


is 195 1440 20 85 04 15 3 21 135 14 20 0 20 15 4 1 25. (2) 


The sender will encode the message by means of the nonsingular matrix A and, as we shall see, 
the receiver of the encoded message will decode the message by means of the (unique) matrix 
A’ '. The numerical message (2) is now written as a matrix. Since there are 23 symbols in the 
message, we need a matrix that will hold a minimum of 24 entries (an m X n matrix has mn 
entries). We choose to write (2) as the 3 X 8 matrix 


19 5 14 4 0 20 8 5 
M=,|{ 0 4 15 3 21 13 5 14 (3) 
20 0 20 15 4 1 25 =O 


Note that the last entry a3, in the message matrix M has been simply padded with a space repre- 
sented by the number 0. Of course, we could have written (2) as a6 X 4 or a4 X 6 matrix but 
that would require a larger encoding matrix. A 3 X 8 matrix allows us to encode the message by 
means of a3 X 3 matrix. The size of the matrices used is only a concern when the encoding and 
decoding are done by hand rather than by a computer. 

The encoding matrix A is chosen, or rather constructed, so that 


e A is nonsingular, 
e A has only integer entries, and 
e A’ has only integer entries. 


The last criterion is not particularly difficult to accomplish. We need only select the integer 
entries of A in such a manner that det A = +1. Fora2 X 2 ora3 X 3 matrix we can then find 
A! by the formulas in (4) and (5) of Section 8.6. If A has integer entries, then all the cofactors 
C,,, Cj, and so on, are also integers. For the discussion on hand we choose 


-1 0 -1 
A= 2 3 4 (4) 
24 °«5 


You should verify that det A = —1. 
The original message is encoded by premultiplying the message matrix M by A; that is, the 
message is sent as the matrix: 


=1, Q. =1 19 5 14 4 0 20 8 5 
B = AM = 2 "3 4 0 4 15 3 21 13 5 14 
2 4 5/\20 0 20 15 4 #1 25 O 
(5) 
39 5 34 19 4 21 33 2) 
=| 118 22 = 153 77 ~=~79 83 «131 052 
138 26 188 95 104 97 161 66 


You should try to imagine the difficulty of decoding (5) without knowledge of A. But the re- 
ceiver of the encoded message B knows A and its inverse, and so decoding is the straightforward 
computation of premultiplying B by A7!: 


AM=B_ implies M=A!B. 


For the matrix (4) we find from (5) of Section 8.6 that 


1 —3 
At=| 2 3 -2 
-2 -4 3 


1 4 -3 39° =): =34 19> =4 =21. =33- =5 
M= 2 3 =2 118 22 153 77 79 83 131 52 
—2 -4 3 138 26 188 95 104 97 161 66 


19 5 14 4 0 20 8 5 
=! 04 15 3 21 13 5 14 
20 0 20 15 4 1 25 O 


or 
195 1440 20 85 04 15 3 21 135 14 20 0 20 15 4 1 25 0. 
By also knowing the original correspondence (1), the receiver translates the numbers into 
SEND_THE_DOCUMENT_TODAY 


where we have indicated the blank spaces by lines. 

Some observations are in order. The correspondence or mapping (1) is one of many such cor- 
respondences that can be set up between the letters of the alphabet (we could even include 
punctuation symbols such as the comma and period) and integers. Using the 26 letters of the 
alphabet and the blank space, we can set up 27! of these correspondences. (Why?) Furthermore, 
we could have used a 2 X 2 matrix to encode (2). The size of the message matrix M would then 
have to be at least 2 X 12 in order to contain the 23 entries of the message. For example, if 


1 2 1 14 4 2 4] 
a=( ) ana m= ( 5 020 8 50 i 


0 1 21 13 5 14 20 O 20 15 4 1 25 0 
then 
1 1 24 32 40 20 4 
B-AM-= (5 3 3 O 20 48 35 8 6 65 _ 
21 13 5 14 20 0 20 15 4 1 25 0O 
. —] 1 = . 
Using AU = 0 i) we obtain as before 
1 —2\/61 31 24 32 40 20 48 35 8 6 65 3 
a a CY ) 
O 1/\21 13 5 14 20 O 20 15 4 1 25 0 


ae 5 14 4 0 20 8 re 
21 13 5 14 20 O 20 15 4 1 25 OF 


There is no particular reason why the numerical message (2) has to be broken down as rows 
(1 X 8 vectors) as in the matrix (3). Alternatively, (2) could be broken down as columns (3 X | 
vectors) as shown in the matrix 


19 4 8 4 21 14 20 1 
5 0 5 15 13 20 15 25 
144 20 0 3 5 0 4 O 
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Finally, it may be desirable to send the encoded message as letters of the alphabet rather than 
as numbers. In Problem 13 in Exercises 8.14, we shall show how to transmit SEND THE 
DOCUMENT TODAY encoded as 


OVTHWFUVJVRW YBWYCZZNWPZL. 


| 8.14 | |Exercises Answers to selected odd-numbered problems begin on page ANS-20. 


In Problems | —6, use the matrix A and the correspondence (1) 11. Using the correspondence (1), we encoded the following 
to encode the given message. Verify your work by decoding the message by a2 X 2 matrix: 
encoded message. 
1 2 
1 A=( ): SEND HELP ( 17 16 18 5 340 34 2 9 5 ) 
1 1 30 -31 -32 -10 —59 0 —54 -35 -13 -6 —50 


3.5 
2, A= ( ): THE MONEY IS HERE 


1 2 Decode the message if its first two letters are DA and its last 


3 5 two letters are AY. 
3 A= ( *); PHONE HOME 12. (a) Using the correspondence 
12 3 12 3 4 5 67 8 9 10111213 1415 1617 18 19 20 21 22 23 24 2526 27 
jkilnmstuwxghiopqrvyaz2z<abede f space 
4 A=]1 1 2 |;MADAME X HAS THE PLANS 
012 find the numerical equivalent of the message 
=. A BUY ALL AVAILABLE STOCK AT MARKET. 
5. A= 1 1 1 J;GO NORTH ON MAIN ST 
-1 1 0 (b) Encode the message by postmultiplying the message 
5 3 0 matrix M by 
6 A=|]4 3  —1 |];DR JOHN IS THE SPY 1 ol 0 
2: 2 2 A={1 0 1 
In Problems 7-10, use the matrix A and the correspondence (1) | a | 
to decode the given message. 
= (3 ,): _ ee 184 171 86 i) (c) Verify your work by decoding the encoded message in 
5. 2)" 95 116 107 56 133 part (b). 
13. Consider the matrices A and B defined in (4) and (5), 
8 A= (; 71) respectively. 
A=] (a) Rewrite B as B’ using integers modulo 27.* 
— (3° —-7 -13 22 -18 1 . (b) Verify that the encoded message to be sent in letters is 
23 -15 -14 2 -18 -12 5 
OVTHWFUVJVRWYBWYCZZNWPZL. 
101 
gAa=l0 1.0L (c) Decode the encoded message by computing A’ 'B’ and 


’ 


100 rewriting the result using integers modulo 27. 


31 21 21 22 20 9 
B= (: 0 9 13 16 15 
13, 120 8 O 9 

° 1 1 


00 —-1); *For integers a and b, we write a = b (mod 27) if b is the remainder 
11 1 (0 < b < 27) when a is divided by 27. For example, 33 = 6 (mod 27), 
36 32 28 61 26 56 10 12 28 = 1 (mod 27), and so on. Negative integers are handled in the 
following manner: If 27 = 0 (mod 27), then, for example, 25 + 2 = 0 

9 2 18 ] 18 25 0 0 (mod 27) so that —25 = 2 (mod 27) and —2 = 25 (mod 27). Also, —30 
23270 23: 41 «(260 43 5 12 = 24 (mod 27), since 30 + 24 (= 54) = 0 (mod 27). 


= 
> 
II 
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8.15 An Error-Correcting Code 


INTRODUCTION In contrast to the last section, there is no connotation of secretiveness 
to the word code as used in this section. We are going to examine briefly the concept of digital 
communication, say, communication between a satellite and a computer. As a consequence, we 
will deal only with matrices whose entries are binary digits, namely, Os and 1s. When adding 
and multiplying such matrices, we will use arithmetic modulo 2. This arithmetic is defined by 
the addition and multiplication tables 


+|0 1 x [0 1 
alee at 
1/1 0 1/o1 


Fundamental properties such as the commutative and associative laws hold in this system. The 
only notable exception here is that | + 1 = 0. 


I Binary Strings In digital communication the messages or words are binary n-tuples; 
that is, n-tuples consisting of only Os and 1s or bits. An n-bit word is also said to be a binary 
string of length n. 


| EXAMPLE1 | Binary Strings 


(a) The ordered 4-tuple (0, 1, 0, 1) is a 4-bit word or a string of length four. 

(b) The binary (that is, base 2) representation of the number 39 is 100 1 1 1 or as a 6-tuple 
(1, 0, 0, 1, 1, 1). 

(c) The ASCII* word for the letter Z is the string of length eight: (1,0, 0,1,1,0,1,0). = 


For convenience a word of length will be written as a 1 X m matrix, that is, as a row vector. 
For example, the 4-bit word in Example | would be written as the | * 4 matrix W=(0 1 0 1). 


I| Codes By encoding a message, we mean a process whereby we transform a word W of 
length n into another word C of length n + m by augmenting W with m additional bits, called 
parity check bits. An encoded word is said to be a code word. By decoding a received message 
we mean another process that gives either the decoded message or an indication that an error has 
occurred during transmission. An encoding/decoding scheme is called a code. 

One of the simplest codes is the parity check code. In this code a word is encoded according 
to the rule: 


. ; even: Add 0 to the word. 
If the number of ones in the word is = eed (1) 
odd: Add 1 to the word. 


The word parity refers to whether the number of ones in a word is even or odd. The encoding 
rule given in (1) makes the parity of the code word always even. 


| EXAMPLE2 | Encoding Words 


Use the parity check code to encode the words: 
(a) W=(1 0001 21) (b) W=( 1 10 0 1). 


SOLUTION (a) Since the number of ones in W is odd, we add the extra bit 1 to the end of the 
word W. The code wordisthenC =(1 000 1 1 1). 

(b) In this case the number of ones is even, so the extra bit added to the word is 0. The encoded 
wordisC =(1 1 100 1 O). = 


*American Standard Code for Information Interchange. 
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In digital communication it is the encoded word C that is transmitted. But due to some kind of 
interference or noise in the transmission channel, one or more of the bits of C may be changed. 
Thus, the message transmitted is not always the message received. See FIGURE 8.15.1. 

The parity check code enables the decoder to detect single errors. Suppose R is the message 
received. A single error in R means that one bit has been changed; either a zero has been changed 
to aone or a one has been changed to a zero. In either circumstance the parity of the word R is odd. 


noise 


| code Passive | decoded message 
message | encoding > Seale | transmission 2 See ceeae decoding > Or 
| | Boca error indication 


FIGURE 8.15.1 Bits of encoded word may be changed by interference 


Decoding Words 


Use the parity check code to decode the words: 
(a) R= 100101) (b) R= 01100 0). 


SOLUTION (a) The parity of R is even. We drop the last bit and take the decoded message 
tobe(1 1 00 1 O). 
(b) The parity of R is odd. The decoding is simple: a parity error. = 


For some types of digital communication, such as communication internal to a computer, 
the parity check code is adequate. But Example 2 clearly indicates one major pitfall of the 
code: If an error occurs, we do not know how to correct it since we do not know which bit 
is incorrect. Moreover, multiple errors could occur in transmission. If, say, two ones were 
changed to zeros in transmission, the message received still has even parity and the decod- 
ing takes place by dropping the last bit. In this case at least one of the bits in the decoded 
message is in error. 


Il Hamming Codes The parity check code is an example of an error-detecting, but not an 
error-correcting, code. For the remainder of this discussion we will consider an error-detecting/ 
correcting code called the Hamming (7, 4) code. This code, one of a widely used set of codes 
invented by the mathematician Richard W. Hamming (1915-1998) at Bell Laboratories in the 
1950s, is an encoding/decoding scheme that can detect the presence of a single error in a received 
message and can tell which bit must be corrected. In the (7, 4) code the encoding process con- 
sists of transforming a 4-bit word W = (w, w2 w3 W,) into a 7-bit code word 


C=(cy Cy Wy C3 Wa W3 Wa), 


where c,, Cy, and c; denote the parity check bits. (Words longer than four bits can be broken up 
into sequences of words of length four.) 


il Encoding In the Hamming (7, 4) code, the parity check bits c,, co, and c3 are defined in 
terms of the information bits w,, w2, w3, and w4: 


Cy = Wy + Wo + Wy 
Co = Wy + W3 + Wy (2) 


C3 = W2 + W3 + Wa, 


where the arithmetic is carried out modulo 2. Using matrices, we can write (2) as the product 


C1 it @ iy" 
oJ=l1 01 1], (3) 
Cy 0 i 2 ay” 

W4 


| EXAMPLE4 | Encoding a Word 


Encode the word W = (1 O 1 1). 
SOLUTION From (3) we have, with w, = 1, w. = 0, w3 = 1, and wy = I: 


1 
Cc} 1 1 0 1 0 1-14+1-0+0-1+ 1-1 0 
om}={1 0 1 1 1 =[1-1+0-04+1-1+1-1] =] 1 
C3 0 1 1 1 1 O-1+1-0+1-1+ 1-1 0 


From this product we see that c; = 0, c) = 1, c; = 0, and so the corresponding code 
wordisC =(0 1 1 0 0 1 1). = 


Before launching into the details of how to decode a message we need to introduce a special 
matrix. We first observe that in modulo 2 arithmetic there are no negative numbers; the additive 
inverse of | is 1, not —1. With this in mind, we can write the system (2) in the equivalent form 

C3 + WwW. + w3 + Wy = 0 
Co + w, + w3+ Ws = 0 (4) 
Cy t+ wy + Ww. + wy = 0. 
These are called parity check equations. This means that each c; is a parity check on three of 
the digits in the original word. For instance, if the number of ones in the three digits w,, w3, and 


w, is odd, then, as in the parity check code discussed previously, we would take c,; = 1 and so 
on. As a matrix product, (4) can be written 


The 3 X 7 matrix in (5), 


ore 
ee fe es 


is called the parity check matrix. We have shown in (5) that the binary digits of a code word 
C=(c) Cy. Wy, C3 Wz W3 Ws) Satisfy the matrix equation 


HC’ = 0. (6) 


A closer inspection of H shows a surprising fact: The columns of H, left to right, are the numbers 


1 
1 through 7 written in binary. For example, by writing the column | 1 | as | 1 0, we recognize 
the binary representation of the number 6. 0 


Let R be a 1 X 7 matrix representing the received message. Since H is a3 X 7 matrix and R’ 
isa7 X | matrix, the product 


S = HR’? (7) 


isa3 X | matrix called the syndrome of R. 
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Hi Decodin If the syndrome of the received message R is 
g y g 
S = HR’ = 0, 


then, in view of the result in (6), we conclude that R is a code word, and it is assumed that the 
transmission is correct and that R is the same as the original encoded message C. The decoding 
of the message is accomplished by simply dropping the three check bits in R. 


| EXAMPLES | Syndromes 


Compute the syndrome of: 
(a) R=(1 10100 1) (b) R= 0010 1 O). 


SOLUTION (a) From (7) we have 


1 

1 
0 0 0 1 1 +1 =I\f0 0 
S={0 1 1 0 0 1 Iff1l}= {0 
1 0 1 0 1 0 #I/)0 0 

0 

1 


We conclude that R is a code word. By dropping the blue check bitsin(1 1 0 1 0 0 1), we 
get the decoded message (0 0 0 1). 


1 

0 
0 0 0 1 1 1 =+I1\f0 0 
(b) From(7), S={0 1 1 0 0 1 ITftyHtt 
1 0 1 0 1 0 I/)0 1 

1 

0, 


Since S # 0, the received message R is not a code word. = 


As mentioned earlier, the Hamming (7, 4) code enables us to detect and also to correct a single 
error in the message R. Now let C be a code word and let E = (e, e€ e3 4 @5 &¢ €7) be a single- 
error noise word added to C during its transmission. The entries of E are defined by 


{ 1, if noise changes the ith bit 
é; = 


0, if noise does not change the ith bit. 


The received message is then R = C + E. From the property R’ = C’ + E’ and the distributive 
law, we see that the syndrome of R is the same as the syndrome of E: 


HR’ = H(C’ + E’) = HC’ + HE’ = 0 + HE’ = HE’. 
From the definition of matrix addition, it is a straightforward matter to verify that the syndrome of E 
€4 + €5 + 6 + e, 
HE’=|e+¢e+et+e 


e; + e3 + e5 + e, 


can be written as the sum of the column vectors of H with coefficients the symbols that denote 


the bits where the error might occur: 


0 0 0 1 1 1 1 
HE’ =e,| 0} +e] 1] +e] 1] +e) 0]+e!0]+e[/1]+e] 1]. (8) 
1 0 1 0 1 0 1 


Now consider the set of 3 X 1 column vectors whose entries are binary digits. Since there are 
only two ways to select each of the three entries, there are 2° = 8 such vectors. The seven nonzero 
vectors are the columns of H or the column vectors displayed in (8). The syndrome S of the re- 
ceived message R is a3 X | column vector with binary entries; hence, if S # 0, then S must be 
one of the columns of H. If R contains a single error, then S # 0 and, since the entries of E are all 
zero except for one entry of one, we see from (8) that the syndrome itself indicates which bit is 
in error. In practice there is no need to write out (8); just compute the syndrome S of the received 
message R. S is a column of H and consequently is the binary number of the bit that is in error. 


| EXAMPLE6 | Decoding a Word 


In part (b) of Example 5 we saw that the syndrome of the message R= (1 0 0 1 O 1 O) 
0 
was S = | | |. This is the third column of H (or the binary representation of the number 3) 


and so we conclude that the third bit in R is incorrect. Changing zero to one gives the code 
wordC =(1 0 1 1 O 1 0). Hence by dropping the first, second, and fourth bits from C 
we arrive at the decoded message (1 0 1 O). = 


In these brief descriptions of cryptography and coding theory we have not even begun to scratch 
the surface of these fascinating subjects. Our goal was a modest one: to show how matrix theory 
is a natural working tool in various areas of mathematics and computer science. 


REMARKS 


The Hamming (7, 4) code can detect but not correct any pair of errors. Students interested in 


how this is done or in further details of coding theory should check their library for more 
specialized texts. 


sis) | |Exercises Answers to selected odd-numbered problems begin on page ANS-20. 


In Problems 1-6, encode the given word using the parity check In Problems 19—28, determine whether the given message 

code. is a code word in the Hamming (7, 4) code. If it is, decode it. 
1.0011) 2. (111) If it is not, correct the single error and decode the corrected 

3. (000 1) 4. (101 0) DOSES 

5. (101010 0) 6 (011010 1) 19. (000000 0) 20. (1 1000 0 0) 
In Problems 7—12, decode the given message using the parity 40010110) 22. (0 1010 1 0) 
check code. 23. Jd 111111) 24. (1 1001 1 0) 

7. 1 00 1) 8 (00 1 1) 2. (0 1 1100 1) 26. (100100 1) 

9. (1 1100) 10. (10100) 7. 1011011 2. (001001 1) 

Ms Tey ee ea 29. (a) Determine the total number of 7-tuples with binary 
In Problems 13-18, encode the given word using the Hamming entries. 
(7, 4) code. (b) How many 7-tuple code words are there in the Hamming 

(7, 4) code? 

13. (1 1 1 0) 14. (0 0 1 1) ; : i 

5. (0101) 16. (0001) (c) List all code words in the Hamming (7, 4) code. 

17. (0 1 1 O) 18. (1 1 0 0) 
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30. (a) In the Hamming (8, 4) code a word Encode the word (0 1 1 0). 


W = (w; W2 W3 Wa) 


(b) From the system in part (a), determine the parity check 
matrix H. 


of length four is transformed into a code word of length (c) Using the matrix H from part (b), compute the syndrome 
eight: 


C = (c€; C2 C3 Wy C4 We W3 Wa), 


S of the received message 


R=(00111100). 


where the parity check equations are 


C4 + Wy + w3 + Wy = 0 
C3 + w, + w3+ ws, =0 
Co + Ww, + WwW. + wy = 0 
Cy + Cp +03 + Wy + C4 + WwW. + W3 + Wy = O. 


(a) 


(b) 


FIGURE 8.16.1 Data and line in 


Example | 
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8.16 | Method of Least Squares 


INTRODUCTION When performing experiments we often tabulate data in the form of ordered 
pairs (x1, ¥1), (%2, V2), ---, Xp» Yn), With each x; distinct. Given the data, it is then often desirable 
to be able to extrapolate or predict y from x by finding a mathematical model, that is, a function 
that approximates or “fits” the data. In other words, we want a function f(x) such that 


f(%) ~ i, f(%) ~ Yo, aa FOr) ~ Vee 


But naturally we do not want just any function but a function that fits the data as closely as possible. 
In the discussion that follows we shall confine our attention to the problem of finding a linear 
polynomial f(x) = ax + b or straight line that “best fits” the data (x,, y,), (X2, V2), --+» (X»» Y,,). The 
procedure for finding this linear function is known as the method of least squares. 
We begin with an example. 


Line of Best Fit 


Consider the data (1, 1), (2, 3), (3, 4), (4, 6), (5, 5) shown in FIGURE 8.16.1(a). Visually, and the 
fact that the line y = x + 1, shown in Figure 8.16.1(b), passes through two of the data points, 
we might take this line as that best fitting the data. = 


Obviously we need something better than a visual guess to determine the linear function 
y = f(x), as in the last example. We need a criterion that defines the concept of “best fit” or, as 
it is sometimes called, “the goodness of fit.” 

If we try to match the data points with the function f(x) = ax + b, then we wish to find a and b 
that satisfy the system of equations 


y, =ax, +b 
yo = dx, +b 
: (1) 
VY, = aX, +b 
yy x, 1 
or Y=AX where Y= ae , A= ie: : oe (2) 
Yr + 


Unfortunately (1) is an overdetermined system and, unless the data points lie on the same line, 


has no solution. Thus we shall be content to find a vector X = (<) so that the right side AX is 
: b 
close to the left side Y. 


S 
e 
}e,= ly, —fQy)l 
Qs ¥) 
1 
x 
1 


FIGURE 8.16.2 ¢; is the error in 
approximating y, with f(x;) 


Partial differentiation is 
reviewed in Section 9.4. 


I| Least Squares Line If the data points are (x1, y,), (>, Yo), «-++ (Xs Yq)» then one way to 
determine how well the linear function f(x) = ax + b fits the data is to measure the vertical 
distances between the points and the graph of f: 


e=h,-f@)l i= 1,2,...,n. 


We can think of each e; as the error in approximating the data value y,; by the functional value 
J(x,). See FIGURE 8.16.2. Intuitively, we know that the function f will fit the data well if the sum of 
all the e; values is a minimum. Actually, a more convenient approach to the problem is to find a 
linear function f so that the sum of the squares of all the e; values is a minimum. We shall define 
the solution of the system (1) to be those coefficients a and b that minimize the expression E = 
e; t+ es +--+ + e*; that is, 


E=[y,— fp? + Ly. —f@)P +--+ Dyn — FOP 


= [1 — (ay, + BYP + [Ly — @q + DP ++ Dyn — @ + BYP 


or E= ss — ax; — b)’. (3) 
7 


The expression E is called the sum of the square errors. The line y = ax + b that minimizes 
the sum of the square errors (3) is defined to be the line of best fit and is called the least squares 
line for the data (x), y,), (%, Ya), --+5 Xs Yn): 

The problem remains: How does one find a and b so that (3) is a minimum? The answer can 
be found from calculus. If we think of (3) as a function of two variables a and b, then to find the 
minimum value of E we set the first partial derivatives equal to zero: 


OE OE 
—=0 and — =0. 
da ob 


The last two conditions yield, in turn, 


=2 Yay — ax,;— b] =0 
(4) 
—2 Si Ly; — ax; — b] = 0. 


Expanding the sums and using })_ |b = nb, we find the system (4) is the same as 


(3)e+ (3s) 


(Ss)q + nb = Sy. 
i=1 i=1 


Sx9; 
i=1 
(5) 


Although we shall not give the details, the values of a and b that satisfy the system (5) yield the 
minimum value of E. 
In terms of matrices it can be shown that (5) is equivalent to 


ATAX = A’Y, (6) 


where A, Y, and X are defined in (2). Since A is ann X 2 matrix and A’ is a2 X n matrix, the 
matrix A7A is a2 X 2 matrix. Moreover, unless the data points all lie on the same vertical line, 
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the matrix A’A is nonsingular. Thus, (6) has the unique solution 
X = (ATA) 'ATY, (7) 


We say that X is the least squares solution of the overdetermined system (1). 


| EXAMPLE2 | Least Squares Line 


Find the least squares line for the data in Example |. Calculate the sum of the square errors 
E for this line and the line y = x + 1. 


SOLUTION For the function f(x) = ax + b the data (1, 1), (2, 3), (3, 4), (4, 6), (5, 5) lead to 
the overdetermined system 


at+tb=1 
2at+b=3 
3a+b=4 (8) 
4da+b=6 
Sat+b=S. 
Now by identifying 
1 1 1 
: _ 4 55 15 
Y= {4 and A=]3 1 we have ata = (%° a! 
6 4 1 
5 5 1 
and so (7) gives 
1 1\7/1 1 
ss at 1 § =i5\/i. 2 3 4 s\| > 
x=(% aed | ie -al3 Pale oe a ; . 
4 1 6 6 
ba 5 5 


-z( . Bee 
s0\-15  55/\19 0.5)" 


Thus the least squares solution of (8) is a = 1.1 and b = 0.5, and the least squares line is 


y 
y = |.1x + 0.5. For this line the sum of the square errors is 
y=xtl i 4 
#=[1-f(OP +B -f2) +4 -fOyr +6 =f + b-/OF 
= [1 — 1.6) + [3 — 2.77 + [4 — 3.8] + [6 — 4.9) + [5 — 6) = 2.7. 
j y=1.1x+05 
x For the line y = x + 1 that we guessed and that also passed through two of the data points, 
we find E = 3.0. 


By way of comparison, FIGURE 8.16.3 shows the data points, the line y = x + | (green), and 


FIGURE 8.16.3 Least squares line (in blue) jhe least squares ney = ig OS (hie) a 


in Example 2 


Hi Least Sq uares Parabola The procedure illustrated in Example 2 is easily modified to 
find a least squares parabola. 
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FIGURE 8.16.4 Least squares parabola 
in Example 3 


| EXAMPLE3 | Least Squares Parabola 


Find the least squares parabola for the data (1, 1), (2, 4), (3, 7), (4, 5). 


SOLUTION For the quadratic function f(x) = ax? + bx + c, the analogue of system (8) is 


a+ b+c=1 
4a+2b+c=4 
9a+3b+c=7 
l6oat+ 4b+c=5. 


From this system we see the matrix A now has three columns. So with 


: oo 354 100 30 
4 4 2 1 
Y= , A= and A'A={ 100 30 10 
: oS 30 10 4 
5 16 4 1 
equation (7) gives 
354 100 30\"! Le ae 
X={ 100 30 10 ore : 
9 3 1 7 
30 10 4 
1 4 1 5 
y 1 
5 =25 25 1 4 9 16 
@ il 4 
=—| —25 129 —135 1 2 3 4 
20 7 
2° =135 155 1 1 1 1 5 
1 5 =25 25 160 = 1.25 
= 20 =25 129, —135 50] = 7.75 
1 25. —135 155 17 =a7/5 
xX 


1 


In Problems 1-6, find the least squares line for the given data. 


sn Oo FP WH = 


» (2, 1), (3, 2), (4, 3), (, 2) 

. (0, —1), C1, 3), (2, 5), 3, 7) 

» C, 1), (2, 1.5), (3, 3), (4, 4.5), (5, 5) 

. (0, 0), (2, 1.5), (3, 3), (4, 4.5), (5, 5) 

. (0, 2), C1, 3), (2, 5), (3, 5), (4, 9), (5, 8), (6, 10) 

. C1, 2), (2, 2.5), (3, 1), (4, 1.5), (, 2), (6, 3.2), (7, 5) 

. In an experiment, the following correspondence was found 


between temperature 7 (in °C) and kinematic viscosity v (in 
Centistokes) of an oil with a certain additive: 


T 20 40 60 80 
v 220 200 180 170 


100 
150 


120 
135 


Find the least squares line v = aT + b. Use this line to estimate 
the viscosity of the oil at T= 140 and T = 160. 


Therefore a = —1.25, b = 7.75, c = —5.75 and the equation of the least squares parabola is 
f(x) = —1.25x? + 7.75x — 5.75. The graphs of the data points and the quadratic function f 
are given in FIGURE 8.16.4. = 


Answers to selected odd-numbered problems begin on page ANS-20. 


8. In an experiment the following correspondence was found 


between temperature 7 (in °C) and electrical resistance R (in 
MQ): 


T 400 
R 0.47 


450 
0.90 


500 
2.0 


550 
3.7 


600 
73 


650 
15 


Find the least squares line R = aT + b. Use this line to estimate 
the resistance at T = 700. 


In Problems 9 and 10, proceed as in Example 3 and find the least 
squares parabola for the given data. 

9. (1, 1), 2, 1), G, 2), 4, 5) 
10. (—2, 1), (-1, 1), C1, 2), @, 3) 
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Fo, —~> 


= a+ Fio Fr wa Fog 
I! i 
compartment 1 compartment 2 


FIGURE 8.17.1 Material flowing between 
two compartments at specified rates 


T;; 
‘yt 
compartment > compartment 
: : 
Tj i 


FIGURE 8.17.2 Interchange of material 
between compartments 


472 | CHAPTERS Matrices 


8.17 | Discrete Compartmental Models 


INTRODUCTION The construction of the mathematical model (3) in Section 2.9, describing 
the number of pounds of salt in two connected tanks in which brine is flowing into and out of the 
tanks, is an example of compartmental analysis. In the discussion in Section 2.9, the compart- 
mental model was a system of differential equations. In this section we introduce the notion of 
a discrete mathematical model. 


I The General Two-Compartment Model Suppose material flows between two tanks 
with volumes V, and V3. In the diagram shown in FIGURE 8.17.1, F;, Fj2, Fo, Fo, and Fy denote 
flow rates. Note that the double-subscripted symbol F;; denotes the flow rate from tank i to tank j. 
Next, suppose a second substance, called the tracer, is infused into compartment | at a known 
rate [(t). As we did in Section 2.9, we will assume that the tracer is thoroughly mixed in both 
compartments at all times ¢. If x(t) denotes the amount of tracer in compartment | and y(t) the 
amount of tracer in compartment 2, then the concentrations are c,(f) = x()/V, and c,(t) = y(0/V>, 
respectively. It follows that the general two-compartment model is 


d. 
ao = (Fy, + Fyei(t) + Foico(t) + 10) 
(1) 


d 
- = Fy1€\(t) — (Fo + Fr9)c2(t). 

The model in (1) keeps track of the amount of tracer that flows between the compartments. 
The material consisting of, say, a fluid and a tracer is continually interchanged. We present next 
a model that keeps track of compartmental contents every Af units of time and assumes that the 
system changes only at times Ar, 2Ar, ..., nAt,.... Of course, by selecting At very small, we can 
approximate the continuous case. 


I| Discrete Compartmental Models Inconstructing a compartmental model of a phys- 
ical system, we conceptually separate the system into a distinct number of small components 
between which material is transported. Compartments need not be spatially distinct (like the 
tanks used in Section 2.9) but must be distinguishable on some basis. The following are a few 
examples: 


¢ Acid rain (containing strontium 90, for example) is deposited onto pastureland. Compartments 
might be grasses, soil, streams, and litter. 

¢ Instudying the flow of energy through an aquatic ecosystem, we might separate the system 
into phytoplankton, zooplankton, plankton predators, seaweed, small carnivores, large 
carnivores, and decay organisms. 

e A tracer is infused into the bloodstream and is lost to the body by the metabolism of a 
particular organ and by excretion. Appropriate compartments might be arterial blood, 
venous blood, the organ, and urine. 


Suppose then that a system is divided into n compartments and, after each Ar units of time, 
material is interchanged between compartments. We will assume that a fixed fraction 7; of the 
contents of compartment j are passed to compartment i every At units of time, as depicted in 
FIGURE 8.17.2. This hypothesis is known as the linear donor-controlled hypothesis. 

Let the entries x; in the n X | matrix X, 


x, 1 
Xx 

x=[7], yv={” ], (2) 
Xn Yn 


represent the amount of tracer in compartment i. We say that X specifies the state of the system. 
The n X 1 matrix Y is the state of the system Ar units of time later. We will show that X and Y 


Note: A transfer matrix is an ex- > 
ample of a stochastic matrix. See 
Problem 32 in Exercises 8.8. 


i 0.2/day 5) 
100 0.05/day 250 
0.3/day 
0.25/day B 
80 


FIGURE 8.17.3 Compartments and trans- 
fer coefficients in Example 1 


are related by the matrix equation Y = TX, where T is ann X n matrix determined by the transfer 
coefficients 7;. To find T, observe, for example, that 


y, =x, + (amount of tracer entering 1) — (amount of tracer leaving 1) 


= Xp (TypXq FT 3%3 FF Ty Xp) — (Ta F 73, FF Ty) Hy 


= (1 — 7) — 73) Ty Xp HT yoXq For FT yy Xp 


If we let 7,, = 1 — 72) — T31 T1, then 7,, is just the fraction of the contents of compart- 
ment | that remains in 1. 


Letting 7, = 1 — DpeiT ji we have, in general, 


Vp = TMX F TM QXy Fo + Ty, Xp, a Ti) T12 **" Tin xy 
Yo = TX HF T27X_ Fo + Ty Xp yo | _ | 721 722 ** Tan X2 

: or ea fee Oe a en 
Yn = TriX, T Ty2 X2 a TrnXn Yn Trl Tn2 ~y Tran Xn 


The matrix equation in (3) is the desired equation Y = TX. The matrix T = (7,)),,.,, is called the 
transfer matrix. Note that the sum of the entries in any column, the transfer coefficients, is equal 
to 1. 

Discrete compartmental models are illustrated in the next two examples. 


| EXAMPLE1 | Transfer Matrix 


In FIGURE 8.17.3 the three boxes represent three compartments. The content of each compart- 
ment at time f¢ is indicated in each box. The transfer coefficients are shown along the arrows 
connecting the compartments. 

(a) Find the transfer matrix T. 

(b) Suppose At = | day. Find the state of the system Y 1 day later. 


100 

250 |. Remember that 7; 
80 

specifies the rate of transfer to compartment i from compartment j. Hence we are given that 

Tr = 0.2, T1. = 0.05, 737 = 0.3, T23 = 0, T13 = 0.25, and 73, = 0. From these numbers we 

see that the matrix T is 


SOLUTION (a) The state of the system at time t = 0 is X = 


— 0.05 0.25 
0.2 _ oO |. (4) 
0 03 _ 


T= 


But since the column entries must sum to 1, we can fill in the blanks in (4): 


0.8 0.05 0.25 
T= {02 065 0 
0 0.3 0.75 


(b) The state of the system | day later is then 


0.8 0.05 0.25 100 112.5 
Y=TX=/]02 065 O 250 | = | 182.5 = 
0 0.3 0.75 80 135 
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TABLE 8.17.1 


Dead 
Organic 
Month Grasses Soil Matter Streams 

0 20.00 60.00 15.00 20.00 
1 17.60 62.80 14.00 20.60 
2 15.59 65.22 12.96 21,23 
3 13.90 67.29 11.93 21.88 
4 12.49 69.03 10.93 22.55 
3 11.31 70.46 9.99 23.24 
6 10.32 71.61 9.13 23.95 
7 9.48 72.52 8.33 24.66 
8 8.79 73.21 7.61 25.39 
9 8.20 73.71 6.97 26.12 
10 7.71 74.04 6.40 26.86 
11 7.29 74.22 5.89 27.60 
12 6.94 74.28 5.44 28.34 
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If Xp denotes the initial state of the system, and X,, is the state after n(A‘) units of time, then 


XxX, = TX, X, = TX,, X; = TX,, re Xi = TX,.. 
Because X, = T(TX,) = T?X,, X; = T(T’X,) = T°X,,-.., 
we have in general X, = T’'X), n=1,2,.... (5) 


We could, of course, use the method illustrated in Section 8.9 to compute T”, but with the aid of 
a calculator or a CAS it is just as easy to use the recursion formula X,,, = TX,, by letting 
n=0,1,.... 


| EXAMPLE2 | States of an Ecosystem 


Strontium-90 is deposited into pastureland by rainfall. To study how this material is cycled 
through the ecosystem, we divide the system into the compartments shown in FIGURE 8.17.4. 
Suppose that At = 1 month and the transfer coefficients (which have been estimated experi- 
mentally) shown in the figure are measured in fraction/month. (We will ignore that some 
strontium-90 is lost due to radioactive decay.) Suppose that rainfall has deposited the strontium-90 


20 


into the compartments so that Xy = . (Units might be grams per hectare.) Compute 


20 
the states of the ecosystem over the next 12 months. 


(leaching) 0.05 2 


Grasses Soil 


0.01 
(growth) 


0.1 | (death) 0.01 | (run-off) 
0.2 
3 
Dead (decomposition) : 
Organic Streams 
Matter 


FIGURE 8.17.4 Ecosystem in Example 2 


SOLUTION From the data in Figure 8.17.4 we see that transfer matrix T is 


0.85 001 0 0O 
T= 0.05 0.98 0.2 0 
0.1 0 08 O 
0 OO! 0 1 
We must compute X,, X5,..., Xj. The state of the ecosystem after the first month is 
0.85 0.01 0 0 20 17.6 
0.05 0.98 0.2 0 60 62.8 
X, = TX, = = 
0.1 0 08 O 15 14.0 
0 O01 0 1 20 20.6 


The remaining states, computed with the aid of a CAS and the recursion formula X,,,; = TX,, 
with n = 1, 2,..., 11, are given in Table 8.17.1. = 


1. (a) Use the data in the compartmental diagram in FIGURE 8.17.5 


to determine the appropriate transfer matrix T and the 
initial state of the system Xp. 
(b) Find the state of the system after | day. After 2 days. 
(c) Eventually, the system will reach an equilibrium state 


Answers to selected odd-numbered problems begin on page ANS-20. 


but the small shrubs can take over an area only if preceded by 
the grasses. In FIGURE 8.17.8, the transfer coefficient of 0.3 
indicates that, by the end of the summer, 30% of the prior bare 
space in the field becomes occupied by grasses. 

(a) Find the transfer matrix T. 


A % aes A 10 
X= ( ; that satisfies TX = X. Find X. [Hint: x, + x 
Xo (b) Suppose X = | 0 | and that area is measured in acres. 
= 150] 0 
Use the recursion formula X,,, = TX,, along with a 
1 ath 2 calculator or a CAS, to determine the ground cover in 
OO ag —_ mG) each of the next 6 years. 
0.4/day 
FIGURE 8.17.5 Compartments for Problem 1 Bare ae 
2. (a) Use the data in the compartmental diagram in FIGURE 8.17.6 aa e ie 
; : f iT andi 0.05/year 
to determine the appropriate transfer matrix T and the (death) 
initial state of the system Xo. _ D 0.2/year Small 3 
(b) Find the state of the system after | day. After 2 days. SSS || 
xX 
(c) Find the equilibrium state X = | x, | that satisfies FIGURE 8.17.8 Compartments for Problem 4 
x3 


TX =x. [Hint: What is the analogue of the hint in part (c) - 7 
of Problem 171 Discussion Problem _ 
5. Characterize the vector X in part (c) of Problems 1-3 in terms 


of one of the principal concepts in Section 8.8. 


Computer Lab Assignment 


6. Radioisotopes (such as phosphorous-32 and carbon-14) have 


150 


FIGURE 8.17.6 Compartments for Problem 2 


. (a) Use the data in the compartmental diagram in FIGURE 8.17.7 
to determine the appropriate transfer matrix T and the 
initial state of the system Xp. 

(b) Find the state of the system after | day. After 2 days. 


x; 
(c) Find the equilibrium state X = | x, | that satisfies 
A A X3 
TX =X. 
i 0.3/day 5 
100 0 
0.5/day 
0.4/day 
0.5/day 3 
0 


FIGURE 8.17.7 Compartments for Problem 3 


4. A field has been completely devastated by fire. Two types of 


vegetation, grasses, and small shrubs will first begin to grow, 


been used to study the transfer of nutrients in food chains. 

FIGURE 8.17.9 is a compartmental representation of a simple 

aquatic food chain. One hundred units (for example, micro- 

curies) of tracer are dissolved in the water of an aquarium 

containing a species of phytoplankton and a species of zoo- 

plankton. 

(a) Find the transfer matrix T and the initial state of the 
system Xo. 

(b) Instead of the recursion formula, use X,, = T’Xo, n = 1, 
2,..., 12, to predict the state of the system for the next 
12 hours. Use a CAS and the command to compute pow- 
ers of matrices (in Mathematica it is MatrixPower[T, n]) 
to find T’, T*, ..., T'’. 


1 
0.06/hr | Phytoplankton 0.06/hr 
(respiration) (grazing) 


0.02/hr 
(uptake of dissolved tracer) 
a 0.01/hr 3 
Water Zooplankton 
0.05/hr 
(excretion) 


FIGURE 8.17.9 Aquatic food chain in Problem 6 
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In Problems 1—20, fill in the blanks or answer true/false. 


1. 
2. 


20. 


21. 


22. 


1 
. If A= (3) and B = 3. 4), then AB = 


. The symmetric matrix A = ( 


A matrix A = (dj)43 such that a, = i + jis givenby____ 
If Ais a4 X 7 matrix and Bisa "7 x 3 matrix, then the size 
of AB is 


and BA = 


1 2 
' ra=( ) then A-! = 
3 4 


. If A and B are n X n nonsingular matrices, then A + B 


is necessarily nonsingular. 


. If Ais anonsingular matrix for which AB = AC, then B = C. 


. If Ais a3 X 3 matrix such that det A = 5, then det($A) = 


and det(— A’) = 


. If det A = 6 and det B = 2, then det AB! = 
. If A and B aren X n matrices whose corresponding entries 


in the third column are the same, then det(A — B) = 


. Suppose A is a3 X 3 matrix such that det A = 2. If B = 10A 


and C = —B"!, then det C = 


. LetA be ann X n matrix. The eigenvalues of A are the nonzero 


solutions of det(A — AI) = 0 


. Anonzero scalar multiple of an eigenvector is also an eigen- 


vector corresponding to the same eigenvalue. 


. Ann X 1 column vector K with all zero entries is never an 


eigenvector of ann X n matrix A. 


. Let A be ann X n matrix with real entries. If A is a complex 


eigenvalue, then ) is also an eigenvalue of A. 


. Ann X n matrix A always possesses n linearly independent 


eigenvectors. 
1 1 1/2 
. The augmented matrix | 0 1 0} 3 | is in reduced row- 
echelon form. 0 0 0/10 


. Ifa3 X 3 matrix A is diagonalizable, then it possesses three 


linearly independent eigenvectors. 


. The only matrices that are orthogonally diagonalizable are 


symmetric matrices. 


1 


=] 
) is orthogonal. 
=1 1 


The eigenvalues of a symmetric matrix with real entries are 
always real numbers. 

Ann X n matrix B is Symmictie if B’ = B, and ann Xn 
matrix C is skew-symmetric if C’ = —C. By noting the iden- 
tity 2A = A+ A’ + A — A”, show that any n X n matrix A 
can be written as the sum of a symmetric matrix and a skew- 
symmetric matrix. 

Show that there exists no 2 X 2 matrix with real entries such 


1 
that A? = (; ) 
1 0 
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23. Ann X n matrix A is said to be nilpotent if, for some positive 
integer m, A” = 0. Find a2 X 2 nilpotent matrix A # 0. 

24. (a) Twon X n matrices A and B are said to anticommute if 

AB = —BA. Show that each of the Pauli spin matrices 


maT a) =O a) eG 1) 


where i? = —1, anticommutes with the others. Pauli spin 
matrices are used in quantum mechanics. 


(b) The matrix C = AB — BA is said to be the commuta- 
tor of the n X n matrices A and B. Find the commuta- 
tors of a, and a,, 0, and a, and a, and o,. 


In Problems 25 and 26, solve the given system of equations by 
Gauss—Jordan elimination. 


5 1 1 =9 
25. | 2 4 0)X={| 27 26. x, + x. + x3=6 
1 1 5 9 X, — 2x, + 3x; = 2 
2ki= 3x3 =3 
1 1 1 
27. Without expanding, show that i ; : = 0. 


y x? x I 
2 A. lo a : ; 
28. Show that = 0 is the equation of a parabola 
3 4 2 1 
> 9 31 


passing through the three points (1, 2), (2, 3), and (3, 5). 


In Problems 29 and 30, evaluate the determinant of the given 
matrix by inspection. 


4 00 00 0 

0 -2 0 0 0 0 -3 0 0 0 

0 O 3 0 0 0 4 6 0 0 
29. 30. 

0 0 O0O -1l 0 0 13 9 O 

0 00 0 2 0 6 4 2 1 

0 00 0 0 5 


In Problems 31 and 32, without solving, state whether the given 
homogeneous system has only the trivial solution or has infi- 
nitely many solutions. 


31. x, -— xX +23=0 32. 
5x, + x — x, =0 
X, + 2x, + x, =0 


X}— X.—x,=0 
5x, + x — x, =0 
xX, + 2x, + x, = 0 


In Problems 33 and 34, use Gauss—Jordan elimination to balance 
the given chemical equation. 


33. I, + HNO, HIO, + NO, +H,0 
34. Ca + H;PO,—> Ca,P,0; + H, 


In Problems 35 and 36, solve the given system of equations by 
Cramer’s rule. 


35. x, +2x%,-3x3=-2 36 x, + : 
2x; — 4x. + 3x3 = 0 2x, + 3x, + 4x, = 5 
4x, + 6x3 = 5 x, + 4x, + 5x3 = 0 

37. Use Cramer’s rule to solve the system 


B= 4 


X=xcos@+ysin@ 
Y= —xsin@ + ycos@ 
for x and y. 
38. (a) Set up the system of equations for the currents in the 


branches of the network given in FIGURE 8.R.1. 
(b) Use Cramer’s rule to show that 


(2 1 7 
i, =E oe = : 
R, Ry R; 


FIGURE 8.R.1 Network in Problem 38 


39. Solve the system 
2X, + 3x, — x3 = 6 
xX, — 2x, =-3 
—2x, + x3=9 
by writing it as a matrix equation and finding the inverse of the 
coefficient matrix. 
40. Use the inverse of the matrix A to solve the system AX = B, 


where 
lt 23 
A=]2 3 0 
0 1 2 
1 —2 
and the vector B is given by (a) | 1 | (b) 1 
1 3 


In Problems 41—46, find the eigenvalues and corresponding 
eigenvectors of the given matrix. 


(; ;) ({ 4 
41. 42. 
4 3 4 0 


3.2 4 qt =2- 0 
43. | 2 0 2 44 =2 6 2 
4 2 3 0 2 3 
2 2 =3 0 0 0 
45 2 1 =6 46. ;0 0 1 
=1 <=2 0 2 2 1 


47. Supply a first column so that the matrix is orthogonal: 


—_ ti, 24 

Lesa V2 V3 

een nnnes i 

0) a 

— V3 

_ ai es 

a V2 V3 
1 0 =2 
48. Consider the symmetric matrix A = 00 O 
—20 4 


(a) Find matrices P and P”! that orthogonally diagonalize 
the matrix A. 
(b) Find the diagonal matrix D by actually carrying out the 
multiplication P-'AP. 
49. Identify the conic section x* + 3xy + y* = 1. 
50. Consider the following population data: 


Year 1890 1900 1910 1920 1930 


Population (in millions) 63 716 92 106 123 


The actual population in 1940 was 132 million. Compare this 
amount with the population predicted from the least squares 
line for the given data. 


10 
9 
the given message. Use the correspondence (1) of Section 8.14. 


1 
In Problems 51 and 52, use the matrix A = ( ') to encode 


51. SATELLITE LAUNCHED ON FRI 
52. SEC AGNT ARRVS TUES AM 


0 1 0 
In Problems 53 and 54, use the matrix A = | 1 1 1 | to 
1 -1 2 


decode the given message. Use the correspondence (1) in 
Section 8.14. 
19 0 15 14 0 20 


53. B=] 35 10 27 53 1 54 
5 15 -—3 48 2 39 


a 2r 2 
54. B=] 27 17° 40 
21 13 -2 


55. Decode the following messages using the parity check code. 
(a) (110011) (b) (01101110) 
56. Encode the word (1 0 0 1) using the Hamming (7, 4) code. 


In Problems 57 and 58, solve the given system of equations 
using LU-factorization. 
57. The system in Problem 26 


58. The system in Problem 36 

59. Find the least squares line for the data (1, —2), (2, 0), (3, 5), 
(4, —1). 

60. Find the least squares parabola for the data given in Problem 59. 
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CHAPTER 


In Chapter 7 we studied the 
properties of vectors in 2- and 
3-space. In this chapter we will 
combine vector concepts with 
those from differential and 
integral calculus. 
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(x (to), y(to)) 


Y(fo) = (x(to), y(to)) 


N 


FIGURE 9.1.1 Curves defined by vector 


functions 
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I(t) = (x(to), (to), Z(to)) 


(a) 2-space 


(x(0g), y(fo)s <(to)) 
\ 


i 


(b) 3-space 
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INTRODUCTION Recall that a curve C in the xy-plane is simply a set of ordered pairs 
(x, y). We say that C is a parametric curve if the x- and y-coordinates of a point on the curve are 
defined by a pair of functions x = f(A), y = g(f) that are continuous on some interval a = t = b. 
The notion of a parametric curve extends to 3-space as well. A parametric curve in space, or 
space curve, is a set of ordered triples (x, y, z) where 


x=fO, y=s, z=h, (1) 


are continuous on an interval defined by a = t S b. In this section we combine the concepts of 
parametric curves with vectors. 


Hi Vector-Valued Functions _ Itis often convenient in science and engineering to introduce 
a vector r whose components are functions of a parameter rf. We say that 


r(t) = (f(), gD) =f(MiIt+ goj 
and r(t) = (fd), g(), h®) = f(it+ gOj + Ak, 


are vector-valued functions or simply vector functions. As shown in FIGURE 9.1.1, for a given 
value of the parameter, say fo, the vector r(f)) is the position vector of a point P on a curve C. 
In other words, as the parameter ¢ varies, we can envision the curve C being traced out by the 
moving arrowhead of r(f). 

We have already seen an example of parametric equations, as well as the vector function of 
a space curve, in Section 7.5, when we discussed the line in 3-space. 


| EXAMPLE1 | Circular Helix 


Graph the curve traced by the vector function 
r(f) = 2costi+ 2sintj+tk, t=0. 


SOLUTION The parametric equations of the curve are x = 2 cos ft, y = 2 sint,z = t. By 
eliminating the parameter ft from the first two equations: 


x? t+ y = (2 cos t)? + (2 sin t)? = 2? 
we see that a point on the curve lies on the circular cylinder x* + y* = 4. As seen in FIGURE 9.1.2 


and the accompanying table, as the value of ¢ increases, the curve winds upward in a spiral 
or circular helix. 


if x y x cylinder . 

0 a 0 0 eae (0 ; *2) 
m/2 0 2 m2 Pi 

7 =2) 0) 7 

30/2 0 =) 37/2 

2a 2) 0 207 

52/2 0 2, 5ar/2 

37 =—2) 0 377 

Ta/2 0 =) Tal2 

Aq 2) 0 Air . 
97/2 0 2, O7r/2 


FIGURE 9.1.2 Circular helix in Example 1 
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?+y2=4,7=3 


x 


FIGURE 9.1.3 Curve in Example 2 


x2 +y2=9 y=2x 
x 


FIGURE 9.1.4 Curve in Example 3 


The curve in Example | is a special case of the vector function 
r(t)=acostit+ bsint]+ctk, a>0, b>0, c>0, 


which describes an elliptical helix. When a = J, the helix is circular. The pitch of a helix is defined 
to be the number 27rc. Problems 9 and 10 in Exercises 9.1 illustrate two other kinds of helixes. 


| EXAMPLE2 | Circle in a Plane 


Graph the curve traced by the vector function 


r(t) = 2cos tit+ 2 sintj + 3k. 


SOLUTION The parametric equations of this curve are x = 2 cos t, y = 2 sin t, z = 3. As 
in Example 1, we see that a point on the curve must also lie on the cylinder x* + y” = 4. 
However, since the z-coordinate of any point has the constant value z = 3, the vector function 


r(f) traces out a circle 3 units above the xy-plane. See FIGURE 9.1.3. = 


| EXAMPLE3 | Curve of Intersection 


Find the vector function that describes the curve C of intersection of the plane y = 2x and the 
paraboloid z = 9 — x? — y’. 


SOLUTION We first parameterize the curve C of intersection by letting x = +. It follows 
that y = 2t and z = 9 — t* — (21)? = 9 — 5t*. From the parametric equations x = t, y = 21, 
z = 9 — 5t’, we see that a vector function describing the trace of the paraboloid in the plane 
y = 2x is given by r(f) = ti + 2rj + (9 — 517) k. See FIGURE 9.1.4. = 


I| Limits, Continuity, and Derivatives The fundamental notion of the limit of a vec- 
tor function r(t) = ( f(), g(t), A(t) is defined in terms of the limits of the component functions. 


Definition 9.1.1 Limit of a Vector Function 


If lim,,,.f(, lim,,, ¢(0), and lim, A(#) exist, then 


lim r(f) = (iim S(O, lim g(d), lim nt). 
ta ta ta I>a 


The notation t > a in Definition 9.1.1 can, of course, be replaced by t—> a*, t> a, t—> 00, or 
t+ —o. 
As an immediate consequence of Definition 9.1.1, we have the following result. 


Theorem 9.1.1 Properties of Limits 


If lim,,, r,() = L, and lim,.,, r.(f) = L,, then 


(i) limcr,(f) =cL,, cascalar 
toa 

(ii) lim [r,@) + r,()] = L, + L, 
a 


(iit) lim r,(t) = r,(t) = L, ‘ L,. 
ta 


Definition 9.1.2 Continuity of a Vector Function 


A vector function r is said to be continuous at t = aif 
(i) r(a) is defined, (ii) lim r(f) exists, and (iii) lim r(f) = r(a). 
toa toa 


Equivalently, r(¢) is continuous at ¢ = a if and only if the component functions f, g, and h are 
continuous there. 
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tangent 


(a) 


tangent 


FIGURE 9.1.5 Vector r’(7) is tangent to 
curve C at P 


r‘(0) 


FIGURE 9.1.6 Tangent vectors in 
Example 4 


Definition 9.1.3 Derivative of Vector Function 


The derivative of a vector function r is 
ae 
r(t) = lim — [r(t + Ad) — r(d)] (2) 
Aro At 


for all t for which the limit exists. 


The derivative of r is also written dr/dt. The next theorem will show that on a practical level 
the derivative of a vector function is obtained by simply differentiating its component functions. 


Theorem 9.1.2 Differentiation of Components 
If r(t) = (f(), g, h(), where f, g, and h are differentiable, then 


r’(t) = (f'O, '(0), h'(O). 


PROOF: From (2) we have 


1 


r’(t) = fin | (sc + Ad), g(t + Ad, h(t + At) — (fC), a, wo | 


= jj (f + At) — f(t) g(t + At) — g(t) A(t + At) — a) 
ray At At At 


At-0 
Taking the limit of each component yields the desired result. = 


Hi Smooth Curves When the component functions of a vector function r have continuous 
first derivatives and r’(t) # 0 for all ¢ in the open interval (a, b), then r is said to be a smooth 
function and the curve C traced by r is called a smooth curve. 


I| Geometric Interpretation of r'(t) Ifthe vector r‘(t) is not 0 at a point P, then it may 
be drawn tangent to the curve at P. As seen in FIGURE 9.1.5, the vectors 


Ar=r(t+ An —r(t) and 2 = - [r(t + At) — r(t)] 


are parallel. If we assume lim,,_,) Ar/Ar exists, it seems reasonable to conclude that as At > 0, 
r(t) and r(t + At) become close and, as a consequence, the limiting position of the vector Ar/At 
is the tangent line at P. Indeed, the tangent line at P is defined as that line through P parallel to r’(2). 


| EXAMPLE4 | Tangent Vectors 


Graph the curve C that is traced by a point P whose position is given by r(t) = cos 2fi + sin fj, 
0 St S 27. Graph r'(0) and r'(77/6). 


SOLUTION By clearing the parameter from the parametric equations x = cos 2/, y = sin ¢, 
0 <tS2r, we find that Cis the parabolax = 1 — 2y’, -1 <x <1.Fromr'(f) = —2 sin 2ri + cos tj 
we find 


r(0)=j and (2) = -V3i+ 7 


In FIGURE 9.1.6 these vectors are drawn tangent to the curve C at (1, 0) and G; 5), respec- 


tively. = 
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| EXAMPLES | Tangent Line 


Find parametric equations of the tangent line to the graph of the curve C whose parametric 
equations are x = t’, y= t?—t.z2= —Ttatt =3. 


SOLUTION The vector function that gives the position of a point P on the curve is given by 
r(t) = ti + (t? — Hj — 7tk. Now, 


r’(f) = 2ti+ (2Qt-—1j-—7k andso_ r’'(3)=6i+5j —7k, 
which is tangent to C at the point whose position vector is 
r(3) = 91 + 6j — 21k; 


that is, P(9, 6, —21). Using the components of r’(3), we see that parametric equations of the 


tangent line are x = 9 + 64, y =6 + 5t,z = —21 — 71. = 


Hi Higher-Order Derivatives Higher-order derivatives of a vector function are also 
obtained by differentiating its components. In the case of the second derivative, we have 


r'(t) =(f'O, 8" Oh") =f" (OI+ g"Oj + h"(OK. 


| EXAMPLE6 | Derivative of a Vector Function 


If r(t) = (#3 — 22)i + 4tj + e~'k, then 


r'(t) = (302 -4)i+4j-—e"k and rt) =(6t—4)it+ e“k. = 


Theorem 9.1.3 Chain Rule 


If ris a differentiable vector function and s = u(t) is a differentiable scalar function, then the 
derivative of r(s) with respect to fis 
dr ards 


a = eae =r'(s)u'(t). 


| EXAMPLE7 | Chain Rule 


If r(s) = cos 2si + sin 2sj + e *°k, where s = f*, then 


dr 


dt = [-2 sin 2si + 2 cos 2sj — 3e7**k]427 


= —873 sin(2r*)i + 877 cos(2t*)j — 12t%e7*"k. 


Details of the proof of the next theorem are left as exercises. 


Theorem 9.1.4 Rules of Differentiation 


Let r, and r, be differentiable vector functions and u(t) a differentiable scalar function. 


d 
(i) a Ir) + ro] = rd + 


d 
(ii) 7 Lu(t)r,(t)] = u(r) + u'r, 

d 
(iii) a Ir) - ro] = r(-r3() + ri(t)-12(t) 


d 
(iv) ae Ir) X ro] = 1, X r3() + ry(t) X 420). 
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Note of caution. [> 


Since the cross product of two vectors is not commutative, the order in which r, and r, appear 
in part (iv) of Theorem 9.1.4 must be strictly observed. 


Hi Integrals of Vector Functions If, g, and hare integrable, then the indefinite and 
definite integrals of a vector function r(t) = f(f)i + g(f)j + A(A)kK are defined, respectively, by 


fra = | [roa i+ [ewer |i + [Jon a 
b b b b 
[ roa — | [ro ae] i+ | g(t) ar); + | ica | 


The indefinite integral of r is another vector function R + ¢ such that R’(f) = r(o). 


| EXAMPLES | 8 Integral of a Vector Function 


If r(t) = 6f71 + 4e~2j + 8 cos 4rk, 


then [rc dt = | [oe a|i + | [ae ar) + || scone ar) 


= [20° + c Jit [—2e7 + co] j + [2 sin 4t + c3]k 
j 
= 2¢i — 2e°j + 2 sin 4tk + ¢, 
where ¢ = cyi + co j + ¢3k. = 


[| Length of a Space Curve Ifr(# = f(i + gj + A()k is a smooth function, then it 
can be shown that the length of the smooth curve traced by r is given by 


b 


b 
s= | VIFOF + [e’OF + ['OP at = | I|r "(|| at. (3) 


I Arc Length as a Parameter Acurve in the plane or in space can be parameterized in 
terms of the arc length s. 


| EXAMPLE9 | Example 1 Revisited 


Consider the helix of Example 1. Since ||r'(1)|| = V5, it follows from (3) that the length of 
the curve from r(0) to an arbitrary point r(¢) is 


s= | V5 du = V5i, 
0 


where we have used u as a dummy variable of integration. Using t = s/V5, we obtain a vector 
equation of the helix as a function of arc length: 


S S S 
——i + 2sin——j + =k 
V5 V5 OVS 


Parametric equations of the helix are then 


(4) 


r(s) = 2cos 


Ky S Ss = 
V5 V5 V5 

The derivative of a vector function r(¢) with respect to the parameter fis a tangent vector to the 
curve traced by r. However, if the curve is parameterized in terms of arc length s, then r'(s) is a 
unit tangent vector. To see this, let a curve be described by r(s), where s is arc length. From (3), 


the length of the curve from r(0) to r(s) is s = f§||r'(w)|| du. Differentiation of this last equation 
with respect to s then yields ||r‘(s)|| = 1. 


f(s) = 2 cos g(s) = 2 sin h(s) = 
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eoeia Exercises Answers to selected odd-numbered problems begin on page ANS-20. 


In Problems 1-10, graph the curve traced by the given vector 
function. 

r(f) = 2sinti+ 4costj + tk; r=0 

. ¥(t) = cos tit tj + sintk; t=0 

. r(f) = ti + 2tj + costk; t=0 

. V(t) = 41 + 2costj + 3 sintk 

. r(t) = (e’, e”) 

. ¥(t) = cosh ti + 3 sinh tj 

. r(t) = (V2 sint,V2 sint, 2 cost); OX t= 7/2 
. r(f) = tit Pj t+ tk 

. r(t) = e'cos ti + e'sintj + e'k 

. r(t) = (t cost, t sin t, t7) 


oon ounhtwn = 


= 
o 


In Problems 11-14, find the vector function that describes the 
curve C of intersection between the given surfaces. Sketch the 
curve C. Use the indicated parameter. 
11. z=x'4+y’, yHx xt 
12. v+y 2=1, y=2x,x=t 
13, x7 +y=9, z=9-x; x =3 cost 
14. z=xrt+y’, z=1;x=sint 
sin 2t 


15. Given that r(t) = 
lim,_,9+ r(1). 


i+ (t — 2)j + tin rk, find 


16. Given that lim,,, rj, =i— 2j + k and lim,,, r(t) = 21 + 
5j + 7k, find: 
(a) lim [—4r,(t) + 3r,(f)] 
t>a 


(b) limr,(¢) + r5(1). 


In Problems 17-20, find r’(t) and r"() for the given vector function. 
17. ri) =Intit+ j, t>0 

18. r(t) = (tcost — sint, ft + cos ft) 

19. x(t) = (te, t°, 41? — 1) 

20. r(f) = it jt tan 'tk 


In Problems 21—24, graph the curve C that is described by r and 
graph r’ at the indicated value of f. 


21. r(t) = 2 cos ti+ 6sintj; t= 7/6 
22. r(f) = it ??j; t= —-1 


4 
23. r(t) = 2i+ tj + —— +k; t=1 
@ pe Fedo ge 
24. r(t) = 3 cos ti+3sintj + 2tk; t= 7/4 


In Problems 25 and 26, find parametric equations of the tangent 
line to the given curve at the indicated value of t. 


5. x=%, y= ar, c= 4ri t=2 


6t 
2. x=f-t y= ,z2=(2t+ 1"; t=1 
7 . t+1 z= ( ) 


In Problems 27-32, find the indicated derivative. Assume that all 
vector functions are differentiable. 


d 
27. — [r(t) X r'(d)] 


= 28. “ [r(d) - (¢r())] 


29. “ Ir: @'@ X r"(9)] 


d 
[ry(t) X (ro() X ¥3(2))] 


dt 


n “fran +n(2) 
+ |e ml 


d 3 2 
32. ii [t°r(t*)] 


30. 


In Problems 33-36, evaluate the given integral. 


2. 
x. | (ti + 3725 + 403k) dt 
= 
4 
34. | (V2t + li — Veg + sin atk) dt 
0 


35. | cei — ej + te’k) dt 


36. Fee + tj + tk) dt 
In Problems 37-40, find a vector function r that satisfies the 
indicated conditions. 
37. v(t) = 61 + 6tj + 3¢°k; r(0) =i - 2j+k 
38. r/(f) =fsin fi — cos 2tj; r(0) = 3i 
39. r"(f) = 12¢i — 347 '7j + 2k; r’(1) =j, r(1) = 2i--k 
40. r"(t) = sec” ti + cos tj — sin tk; 

r’(0) =i+j+t+k, r(O) = —j + 5k 


In Problems 41-44, find the length of the curve traced by the 

given vector function on the indicated interval. 

41. r(t)=acosti+asintj + ctk; OStS27 

42. r(t) = ti+tcost] + tsintk; OSts7 

43. r(t) = e'cos 2ti+ e' sin 2t] + ek; OS tS 37 

44. r(t) = 3tit+ V30?j + 30k; OSt=1 

45. Express the vector equation of a circle r(t) = a cos ti + 
a sin tj as a function of arc length s. Verify that r’(s) is a 
unit vector. 

46. If r(s) is the vector function given in (4), verify that r’(s) is a 
unit vector. 

47. Suppose r is a differentiable vector function for which 
|r()|| = c for all t. Show that the tangent vector r’(f) is 
perpendicular to the position vector r(¢) for all t. 

48. In Problem 47, describe geometrically the kind of curve C for 
which || r(a)|| = c. 


Miscellaneous Problems 


49. Prove Theorem 9.1.4(ii). 

50. Prove Theorem 9.1.4 (iii). 

51. Prove Theorem 9.1.4(iv). 

52. If v is a constant vector and r is integrable on [a, b], prove 
that f?v- r(t) dt=v- Sort) dt. 


9.1 Vector Functions | 485 


t Pé&, 2, 5) 


FIGURE 9.2.1 Velocity and acceleration 
vectors in Example 1 


9.2 Motion on a Curve 


INTRODUCTION Inthe preceding section we saw that the first and second derivatives of the 
vector function r(f) = (f(d, g(t), h()) = fDi + g()j + h(t)k can be obtained by differentiat- 
ing the component functions f, g, and h. In this section we give a physical interpretation to the 
vectors r'(t) and r’(f). 


Il Velocity and Acceleration Suppose a particle or body moves along a curve C so that 
its position at time fis given by the vector function r(f) = f()i + g()j + ACK. If the component 
functions f, g, and / have second derivatives, then the vectors 


vA =r'(O=f'Oi+ gOjt hk 
a(t) = r'"() = f"OIt+ g"(Ojt+ h"Ok 


are called the velocity and acceleration of the particle, respectively. The scalar function || v(1) || 


is the speed of the particle. Since 
2 done 2 
~v() +) +@) 
dt dt dt 


speed is related to arc length s by s‘(f) = || v(#)|| In other words, arc length is given by s = f;' || v(0)|| df. 
It also follows from the discussion of Section 9.1 that if P(x,, y,, z,) is the position of the particle 
on C at time ¢,, then we may draw v(t,) tangent to C at P. Similar remarks hold for curves traced 
by the vector function r(f) = f(Hi + g()j. 


| EXAMPLE1 | Velocity and Acceleration Vectors 


The position of a moving particle is given by r(t) = t7i + tj + 31k. Graph the curve defined 
by r(¢) and the vectors v(2) and a(2). 


dr 
dt 


Iwo = | 


SOLUTION Since x = ft’, y = #, the path of the particle is above the parabola x = y*. When 
t = 2 the position vector r(2) = 4i + 2j + 5k indicates that the particle is at the point 
P(4, 2, 5). Now, 


5 
VO) =EO=Wi+jt>k and a(t) =r") = 2i 


so that v(2) = 4i+ j + 3k and a(2) = 2i. These vectors are shown in FIGURE 9.2.1. = 


If a particle moves with a constant speed c, then its acceleration vector is perpendicular to 
the velocity vector v. To see this, note that ||v||? = c’ or v - v = c*. We differentiate both sides 
with respect to ¢ and obtain, with the aid of Theorem 9.1.4(iii): 


d dv dv dv 
-‘v)=Vv:- + ‘vy = 2v- = 0. 
dt ey dt dt . . dt : 
dv 
Thus, a -v=0 or a(t): w(t) =0 forall? 


| EXAMPLE2 | Velocity and Acceleration Vectors 


Suppose the vector function in Example 2 of Section 9.1 represents the position of a particle 
moving in a circular orbit. Graph the velocity and acceleration vector at t = 77/4. 


SOLUTION Recall that r(f) = 2 cos ri + 2 sin tj + 3k is the position vector of a particle 
moving in a circular orbit of radius 2 in the plane z = 3. When t = 7/4 the particle is at the 
point P( V2, V2, 3). Now, 


v(t) = r'(t) = —2 sin ti + 2 cos tj 


a(t) = r"(t) = —2 cos ti — 2 sin fj. 
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P(\2, ¥2,3) 


FIGURE 9.2.2 Velocity and acceleration 
vectors in Example 2 


v(t}) 


V(ty) 


FIGURE 9.2.3 Circular motion 


FIGURE 9.2.4 Trajectory of a projectile 


(a) Maximum height H: 
Find t, for which y’(t,) = 0; 
H= Ymax = y(t) 


(b) Range R: 
Find ¢, > 0 for which y(t,) = 0; 
R= max = X(t) 


FIGURE 9.2.5 Maximum height and range 
of a projectile 


Since the speed is ||v(s)|| = 2 for all time 1, it follows from the discussion preceding this 
example that a(t) is perpendicular to v(f). (Verify this.) As shown in FIGURE 9.2.2, the vectors 


(2) = ~2sin Ti + 2 cos 7 j = —-V2i+ V 35 
(2) = ~2cos i = 2sin 7 j = —-V2i - V2j 


are drawn at the point P. The vector v(7r/4) is tangent to the circular path and a(77/4) points 


along a radius toward the center of the circle. = 


[| Centri petal Acceleration Forcircularmotionin the plane, described by r(t) = 7) cos wfi + 
ro Sin wtj, ro and w constants, it is evident that r” = —w’r. This means that the acceleration 
vector a(t) = r”(f) points in the direction opposite to that of the position vector r(t). We then say 
a(f) is centripetal acceleration. See FIGURE 9.2.3. If v = || v(#)|| and a =|| a(a)||, we leave it as 
an exercise to show that a = v’/1. 


[| Curvilinear Motion in the Plane Many important applications of vector functions 
occur in regard to curvilinear motion in a plane. For example, planetary and projectile motion 
take place in a plane. 

In analyzing the motion of short-range ballistic projectiles,* we begin with the acceleration 
of gravity written in vector form: a(t) = —gj. 

If, as shown in FIGURE 9.2.4, a projectile is launched with an initial velocity vy = vg cos 6i + 
Vp sin 8j from an initial height sy = sj, then 


v(t) = fc gj) dt = —gtj +c, 
where v(0) = v, implies that c, = Vo. Therefore, 
v(t) = (vo cos 8)i + (—gt + vo sin 8)j. 
Integrating again and using r(0) = Sp yields 
r(f) = (vp cos @)ti + [ter + (vp sin Af + so] J. (1) 
Hence, parametric equations for the trajectory of the projectile are 
x(t) = (vo cos @)t, =y() = -) gt? + (vp sin 6)t + Sp. (2) 


We are naturally interested in finding the maximum height H and the range R attained by a 
projectile. As shown in FIGURE 9.2.5, these quantities are the maximum values of y(f) and x(A), 
respectively. 


| EXAMPLE3 | Trajectory of a Projectile 


A projectile is launched from ground level with an initial speed v9 = 768 ft/s at an angle of 
elevation 6 = 30°. Find (a) the vector function and parametric equations of the projectile’s 
trajectory, (b) the maximum altitude attained, (c) the range of the projectile, and (d) the 
impact speed. 


SOLUTION 


(a) The initial height and velocity are, respectively, s) = 0 and 

r'(O) = Vo = (768 cos 30°)i + (768 sin 30°)j = 384V/3i + 384j. (3) 
Integrating a(t) = —32j and using (3) give 
v(t) = (384V3)i + (—32r + 384)j. (4) 


*A projectile is shot or hurled rather than self-propelled. In the analysis of long-range ballistic motion, 
the curvature of the Earth must be taken into consideration. 
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Integrating (4) and using r(O) = sy = 0 then give 

r(t) = (384V/3)ti + (—16r? + 384)j. 
The components of this vector function, 

x(t) = (384V/3)t, y(t) = —16r? + 3842, (5) 
are the parametric equations of the projectile’s trajectory. 
(b) From (5) we see that y(t) = 0 when —32t + 384 = 0 ort = 12 s. The maximum 
height attained by the projectile is 


H = y(12) = —16(12)* + 384(12) = 2304 ft. 


(c) From (5) we see that y(t) = 0 when —16t? + 384¢ = —16r(t — 24) = 0. The time 
that projectile hits the ground is t = 24 s and the corresponding range is 


R = x(24) = 384\/3(24) ~ 15,963 ft. 


(d) Finally, from (4) we see that v(24) = (384V/3)i + (—384)j and so the impact speed is 


|v(24)| = V/(G84V3)2 + (—384)? = 768 fis. = 


In Example 3, note that the impact speed is the same as the launch speed vy) = 768 ft/s. Verify 
that this is still the case if we change the angle of elevation to, say, 9 = 50°. See Problem 16 in 
Exercises 9.2. 


REMARKS 


We have seen that the rate of change of arc length ds/dt is the same as the speed || v(2)|| = ||r‘(]|. 


However, as we shall see in the next section, it does not follow that the scalar acceleration 
d’s/dt? is the same as ||a(¢)|| = ||r"(||. See Problem 24 in Exercises 9.2. 


| 9.2 Exercises Answers to selected odd-numbered problems begin on page ANS-21. 


In Problems 1-8, r(f) is the position vector of a moving particle. pass through the xy-plane? What are its velocity and accel- 
Graph the curve and the velocity and acceleration vectors at the eration at these points? 
indicated time. Find the speed at that time. 10. Suppose a particle moves in space so that a(t) = 0 for all time ¢. 
1 ri) =Pit dey r= 1 Describe its path. _ 
1 11. A shell is fired from ground level with an initial speed of 
2. r(t) = t7i +7j,t=1 480 ft/s at an angle of elevation of 30°. Find: 
3. r(t) = ae 2ri + sinh 2rj; t= 0 (a) a vector function and parametric equations of the shell’s 
4. r(t)=2costi+ (1+ sintj; t= 7/3 trajectory, 
5. r(f)=2i+(t— 1j +tk: t=2 (b) the maximum altitude attained, 
6. r(t) =tittj+ ek: t=2 (c) the range of the shell, and 
Lr) =tite?jtek t=1 (d) the speed at impact. 
8. r() =tit Op trk; t=1 12. Rework Problem 11 if the shell is fired with the same initial 
9. Suppose r(‘) = ti + (t3 — 2)j + (t2 — 5A)k is the position speed and the same angle of elevation but from a cliff 1600 ft 


vector of a moving particle. At what points does the particle high. 
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13. 


14. 


15. 


16. 


17. 


18. 


A used car is pushed off an 81-ft-high sheer seaside cliff with 
a speed of 4 ft/s. Find the speed at which the car hits the water. 
A small projectile is launched from ground level with an initial 
speed of 98 m/s. Find the possible angles of elevation so that 
its range is 490 m. 

A football quarterback throws a 100-yd “bomb” at an angle 
of 45° from the horizontal. What is the initial speed of the 
football at the point of release? 

Ifa projectile is launched from level ground, then the initial condi- 
tions arer(0) = 0,r'(0) = vo = (vpcos 6)i + (vo sin 6)j and 
the vector function (1) becomes 


r(t) = (vocos O)ti + [—5gt? + (vpsin 6)t]j. (6) 


This function is equivalent to the solution x(2), y(t) of the 
system of linear differential equations (8) in Problem 21 of 
Exercises 4.6 subject to the same initial conditions. Underlying 
that earlier discussion, as well as in the derivation of (1), is the 
assumption that the projectile is not subject to air resistance. 
Use (6) to show that the impact speed of a projectile is the 
same as the initial speed ||r’(0)|| = ||vol| = vo for any angle 
of elevation 0, 0° < 6 < 90°. 

When air resistance is ignored, we saw in Problem 21 
of Exercises 4.6 that a projectile launched at an angle 0, 
0° <6 < 90° from level ground (r(0) = 90), then its horizontal 
range and maximum height are, respectively, 


V0 


2 

Vo 2 

— H= sin’ 0. 
2 


R= sin 20 and 

& 

From the first formula, it follows that when the projectile 

is launched at distinct complementary angles the horizontal 

range is the same and that the maximum range is attained 

when the angle of elevation is 9 = 45°. But if the projectile is 

launched from an initial height sj) > 0 the foregoing formulas 

and statements are not valid. 

(a) With vo = 480 ft/s, s) = 1600 ft rework Problem 12, 
but this time use the complementary angle of elevation 
0 = 60°. Compare the maximum height, range, and im- 
pact speed of the projectile with the answers to parts (b), 
(c) and (d) of Problem 12. 

(b) Usea graphing utility or CAS to plot the trajectory of the 
projectile defined by the parametric equations x(t) and 
y(t) in part (a) of Problem 12. Repeat for the parametric 
equations in part (a) of this problem. Superimpose both 
of these curves on the same coordinate system. 

As mentioned in Problem 17, if a projectile is launched from 

an initial height sy > 0 the maximum range of the projectile 

is not attained using 6 = 45° as the angle of elevation. 

(a) A projectile is launched from an initial height of vy = 480 ft/s, 

So = 1600 ft, at an angle of elevation of 9 = 45°. Use a 

calculator or CAS to find the time the projectile hits the 

ground and the corresponding range. 

If the angle of elevation in part (a) is changed to 0 = 39.76°, 

show that the range is greater than that in part (a). 

(c) Use a graphing utility or CAS to plot the trajectories of 
the projectiles in parts (a) and (b). Superimpose both of 
these curves on the same coordinate system. 


(b 


~— 


19. 


20. 


21. 


22. 


If a projectile is launched from level ground, the initial con- 
ditions are r(0) = 0, r’(0) = Vo = (v9 cos 8)i + (vp sin A)j, 
and if linear air resistance is taken into consideration, the 
vector function analogue of (1) is 


MVy COS O 
— (I = e Filmy} 


7 2 
=e [(™ = a e~Bim — 7B | 5 
B B B 


This function is equivalent to the solution x(2), y(t) of the 
system of linear differential equations (11) in Problem 22 of 
Exercises 4.6 subject to the same initial conditions. Here 8B > 0 
is a constant of proportionality related to the air resistance or 
drag. If m = { slug, g = 32 ft/s”, B = 0.02, vo = 300 ft/s, 
and 0 = 38°, use acalculator or CAS to find the impact speed 
of the projectile. See part (b) of Problem 22 in Exercises 4.6. 
Suppose the angle of elevation of the projectile in Problem 19 
is changed to @ = 52°. Do you think that the impact speed of 
the projectile is the same, greater than, or less than the value 
found in that problem? Prove your assertion. 

A projectile is fired from a cannon directly at a target that 
is dropped from rest simultaneously as the cannon is fired. 
Show that the projectile will strike the target in midair. See 
FIGURE 9.2.6. [Hint: Assume that the origin is at the muzzle of 
the cannon and that the angle of elevation is 6. If r, and r, are 
position vectors of the projectile and target, respectively, is 
there a time at which r, = r,?] 


r(t) = 


| 
a | 
Ss | 


FIGURE 9.2.6 Cannon in Problem 21 


In army field maneuvers sturdy equipment and supply packs 
are simply dropped from planes that fly horizontally at a 
slow speed and a low altitude. A supply plane flies hori- 
zontally over a target at an altitude of 1024 ft at a constant 
speed of 180 mi/h. Use (1) to determine the horizontal dis- 
tance a supply pack travels relative to the point from which 
it was dropped. At what line-of-sight angle a should the 
supply pack be released in order to hit the target indicated 
in FIGURE 9.2.7? 


het ysupply 


7h 
wm Pak 1024 ft 
\ 


target 


FIGURE 9.2.7 Supply plane in Problem 22 
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23. 


24. 


25. 


26. 


27. 


28. 


Suppose that r(t) = rp cos wfi + rp sin wtj is the position 
vector of an object that is moving in a circle of radius rp in 
the xy-plane. If ||v(7)|| = v, show that the magnitude of the 
centripetal acceleration is a = ||a(#)|| = v’/ro. 

The motion of a particle in space is described by 


r(t) = bcosti+ bsintj + ctk, t=O. 


(a) Compute || v(7)||. 

(b) Compute s = f6 || v(¢)|| dt and verify that ds/dt is the same 
as the result of part (a). 

(c) Verify that d?s/dt? # |\a(o)||. 

The effective weight w, of mass m at the equator of the Earth 

is defined by w, = mg — ma, where a is the magnitude of the 

centripetal acceleration given in Problem 23. Determine the 

effective weight of a 192-lb person if the radius of the Earth 

is 4000 mi, g = 32 ft/s*, and v = 1530 ft/s. 

Consider a bicyclist riding on a flat circular track of radius 

ro. If mis the combined mass of the rider and bicycle, fill in 

the blanks in FIGURE 9.2.8. [Hint: Use Problem 23 and force = 

mass X acceleration. Assume that the directions are upward 

and to the left.] The resultant vector U gives the direction the 

bicyclist must be tipped to avoid falling. Find the angle ¢ from 

the vertical at which the bicyclist must be tipped if her speed 

is 44 ft/s and the radius of the track is 60 ft. 


resultant ) 0, _) 
U=(_,_) 


force exerted 
by track = 
opposite of 
the combined 
weight of bike 
and person 


(—, 0) 


centripetal force 


FIGURE 9.2.8 Bicyclist in Problem 26 


The velocity of a particle moving in a fluid is described by 
means of a velocity field v = v,i + v.j + v3k, where the com- 
ponents v,, v2, and v3 are functions of x, y, z, and time ¢. If the 
velocity of the particle is v(t) = 6t?xi — 4ty’j + 2x(z + 1)k, 
find r(t). [Hint: Use separation of variables. ] 

Suppose m is the mass of a moving particle. Newton’s second 
law of motion can be written in vector form as 


dp 
dt’ 


d 
Pa 


where p = mvis called linear momentum. The angular 
momentum of the particle with respect to the origin is defined 
to be L = r X p, where r is its position vector. If the torque 
of the particle about the origin is 7 = r X F =r X dp/dt, 
show that 7 is the time rate of change of angular momentum. 
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29. Suppose the Sun is located at the origin. The gravitational force 


F exerted on a planet of mass m by the Sun of mass M is 
KF = -k—>u. 
i) 


F is a central force—that is, a force directed along the posi- 
tion vector r of the planet. Here k is the gravitational constant, 
r = ||r||, u = r/ris a unit vector in the direction of r, and the 
minus sign indicates that F is an attractive force—that is, a 
force directed toward the Sun. See FIGURE 9.2.9. 

(a) Use Problem 28 to show that the torque acting on the 

planet due to this central force is 0. 
(b) Explain why the angular momentum L of a planet is constant. 


planet 


C) m 


FIGURE 9.2.9 Force F in Problem 29 


Discussion Problems 


30. In this problem the student will use the properties in Sections 


7.4 and 9.1 to prove Kepler’s first law of planetary motion: 
The orbit of a planet is an ellipse with the Sun at one focus. We 
assume that the Sun has mass M and is located at the origin, r 
is the position vector of a body of mass m moving under the 
gravitational attraction of the Sun, and u = r/ris a unit vector 
in the direction of r. 
(a) Use Problem 29 and Newton’s second law of motion 
F = mato show that 
ar u 


dre 
(b) Use part (a) to show that r X r” = 0. 
d 
(c) Use part (b) to show that a (r X v) = 0. 


(d) Itfollows from part (c) thatr < v = c, where c is aconstant 
vector. Show that ¢ = r?(u X w’). 


d 
(e) Show that rf (uu) = 0 and consequently u- u’ = 0. 
(f) Use parts (a), (e), and (d) to show that 


d du 
—(v Xc) = kM —. 
ao? dt 
(g) By integrating the result in part (f) with respect to t, we 
getv X c = kMu + d, where d is another constant vector. 
Dot both sides of this last expression by the vector r = 
ru and use Problem 61 in Exercises 7.4 to show that 


c?/kM 
"1 + G/kM) cos 0° 


|.d=||d 


where c = ||c , and 6 is the angle between d andr. 


31. 


(h) Explain why the result in part (g) proves Kepler’s first law. 

(i) At perihelion, the point in the orbit where the body is 
closest to the Sun, the vectors r and v are perpendicular 
and have magnitudes ry and vo, respectively. Use this 
information and parts (d) and (g) to show that c = rv 
and d = rovo — kM. 

Suppose a projectile is launched from an initial height sy at 

an angle of elevation 0. If air resistance is ignored, show that 

the horizontal range is given by 


Vo COS 9 . ee) 
R= (v9 sin@ + V vo sin’ 8 + 2sog). 


32. 


Note that when sy = O this formula reduces to the range R 
given in Problem 17. 

Consider the formula in Problem 31 as a function of the single 
variable 6. Show that the range of a projectile launched from 
an initial height s is a maximum for the angle of inclination 


0 = cos Ro ae 

25og + 2V5 
Note that when s, = 0 this formula reduces to the value given 
in Problem 17, that is, 9 = 7/4 or 45°. Use this formula to 


& 


P 


FIGURE 9.3.1 Unit tangents 


verify the angle of inclination used in part (b) of Problem 18. 


93 Curvature and Components of Acceleration 


INTRODUCTION Let C be a smooth curve in either 2- or 3-space traced out by a vector 
function r(f). In this section we are going to consider in greater detail the acceleration vector 
a(t) = r"(t) introduced in the last section. But before doing this, we need to examine a scalar 
quantity called the curvature of a curve. 


Hi A Definition We know that r'(f) is a tangent vector to the curve C, and consequently 


rp) 


= 1 
rol ” 


Ta 


is a unit tangent. But recall from the end of Section 9.1 that if Cis parameterized by arc length s, 
then a unit tangent to the curve is also given by dr/ds. The quantity ||r’(2)|| in (1) is related to arc 
length s by ds/dt = ||r‘(¢)||. Since the curve C is smooth, we know from pages 482 and 484 that 
ds/dt > 0. Hence by the Chain Rule, 


dr drds dr dr/dt r‘(f) 
= a = 
dt ds dt ds ds/dt__ |r| 


=, (2) 


Now suppose C is as shown in FIGURE 9.3.1. As s increases, T moves along C, changing direction 
but not length (it is always of unit length). Along the portion of the curve between P, and P, the 
vector T varies little in direction; along the curve between P, and P3, where C obviously bends 
more sharply, the change in the direction of the tangent T is more pronounced. We use the rate 
at which the unit vector T changes direction with respect to arc length as an indicator of the 
curvature of a smooth curve C. 


Definition 9.3.1 Curvature 


Let r(#) be a vector function defining a smooth curve C. If s is the arc length parameter and 
T = dr/ds is the unit tangent vector, then the curvature of C at a point is 

dT 
ds 


(3) 


The symbol k in (3) is the Greek letter kappa. Now since curves are generally not parameterized 
by arc length, it is convenient to express (3) in terms of a general parameter ¢. Using the Chain 
Rule again, we can write 

dT dT ds 


res and consequently 


dT dT/dt 


ds ds/dt’ 
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O 


large curvature K 


small curvature kK 


FIGURE 9.3.2 Curvature of a circle in 
Example 1 


arY 


FIGURE 9.3.3 Components of 
acceleration 


iC 


FIGURE 9.3.4 Osculating plane 


In other words, curvature is given by 


_Irol 
rol 


| EXAMPLE1 | Curvature of a Circle 


Find the curvature of a circle of radius a. 


k(t) (4) 


SOLUTION A circle can be described by the vector function r(t) = a cos ti + a sin tj. Now 


from r'(t) = —asin ti + acos tj and ||r'(4)|| = a, we get 
r’(0) Baus ‘ ; ee ee 
(t) = rol =-sinti+costj and T(t) = —costi-— sin fj. 
r 


Hence, from (4) the curvature is 


2 |T’o)} V cos*t + sin’ tr 2 1 (5) 


Ir'oll a a 


K(f) 


The result in (5) shows that the curvature at a point on a circle is the reciprocal of the radius 
of the circle and indicates a fact that is in keeping with our intuition: A circle with a small 


radius curves more than one with a large radius. See FIGURE 9.3.2. = 


I| Tangential and Normal Components of Acceleration Suppose a particle moves 
in 2- or 3-space on a smooth curve C described by the vector function r(t). Then the velocity of the 
particle on C is v(t) = r'(f), whereas its speed is ds/dt = v = ||v(f)||. Thus, (1) implies v(t) = vT. 
Differentiating this last expression with respect to f gives acceleration: 
dT adv 
a(t) = v— + —T. 6 

=v dt dt (6) 
Furthermore, with the help of Theorem 9.1.4(iii), it follows from the differentiation of 
T - T = 1 that T - dT/dt = 0. Hence, at a point P on C the vectors T and dT/dt are orthogonal. 
If ||dT/dt|| # 0, the vector 


NW) dT/dt a) 
j= ——; 
I|d T/arl| 

is a unit normal to the curve C at P with direction given by dT/dt. The vector N is also called 

dT/dt 
the principal normal. But since curvature is kK = tia it follows from (7) that dT/dt = 
KVN. Thus, (6) becomes . 

dv 

)=KvN+ —T. 8 

a(t) = KV tt (8) 

By writing (8) as a(t) = ayN + a,T, (9) 


we See that the acceleration vector a of the moving particle is the sum of two orthogonal vec- 
tors ayN and aT. See FIGURE 9.3.3. The scalar functions a, = dv/dt and ay = Kv’ are called the 
tangential and normal components of the acceleration, respectively. Note that the tangential 
component of the acceleration results from a change in the magnitude of the velocity v, whereas 
the normal component of the acceleration results from a change in the direction of v. 


| The Binormal A third unit vector defined by 
Bi) = Ti) X N() 


is called the binormal. The three unit vectors T, N, and B form a right-handed set of mutually 
orthogonal vectors called the moving trihedral. The plane of T and N is called the osculating 
plane,* the plane of N and B is said to be the normal plane, and the plane of T and B is the 
rectifying plane. See FIGURE 9.3.4. 


*Literally, this means the “kissing” plane. 
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The three mutually orthogonal unit vectors T, N, and B can be thought of as a movable right- 
handed coordinate system since 


BO =TAXN®, NO=BOXKTO, TO=N(O X BO. 


This movable coordinate system is referred to as the TNB-frame. 


| EXAMPLE2 | Tangent, Normal, and Binormal Vectors 


The position of a moving particle is given by r(f) = 2 cos ti + 2 sin tj + 3rk. Find the vectors 
T, N, and B. Find the curvature. 


SOLUTION Since r'(t) = —2 sin ti + 2 cos tj + 3k, ||r’()|| = \/13, and so from (1) we 


see that a unit tangent is 


Tw) = aint + a tj + wat 
Next, we have 
dT 2 . 2. , dT 2 
ae = gg - Ve" and 2 = Ve 
Hence, (7) gives the principal normal 
N(t) = —cos ti — sin fj. 
Now, the binormal is i j k 


B® = Td Kk NO = 


2. 2 3 
—— Sint — = cos t —— 
1/13 V'13 V13 


—cost —sin t 0 
in ti q tj + z k 
= — = sin ti —- ——cos tj + ——k. 
Via V13 V13 


Finally, using ||dT/dél| = 2/°V13 and ||r'()|| = V/13, we obtain from (4) that the curvature 
at any point is the constant 


/Vi3 2 7 
K= = Sea = 
Vig 2 


The fact that the curvature in Example 2 is constant is not surprising, since the curve defined 
by r(é) is a circular helix. 


| EXAMPLE3 | Osculating, Normal, Rectifying Planes 


At the point corresponding to t = 77/2 on the circular helix in Example 2, find an equation of 
(a) the osculating plane, (b) the normal plane, and (c) the rectifying plane. 


SOLUTION From r(z/2) = (0, 2, 37r/2) the point P in question is (0, 2, 37/2). 


(a) A normal vector to the osculating plane at P is 


3 2 
i+ k. 
V 13 V 13 


To find an equation of a plane we do not require a unit normal, so in lieu of B(z/2) it 
is a bit simpler to use (3, 0, 2). From (11) of Section 7.5 an equation of the osculating 
plane is 


B(r/2) = T(a/2) X N(a/2) = 


3 
He = 0) + Oy = 2) + (2-3) =o or 3x + 22 = 3q. 
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5 


-2.5 


(b) At the point P, the vector T(7/2) = wat —2, 0, 3) or (—2, 0, 3) is normal to the plane 
containing N(a/2) and B(z/2). Hence an equation of the normal plane is 


3 
—2(x — 0) + OW — 2) + a( - =) =0 or —4x + 6z = On. 


(c) Finally, at the point P, the vector N(z/2) = (0, —1, 0) is normal to the plane contain- 
ing T(7/2) and B(a/2). An equation of the rectifying plane is 


3a 
a - 0) + (No - 2) + (2 - =) =o or y=2. = 


a=) 
ed 
nn 


With the help of Mathematica, portions of the helix and the osculating plane in Example 3 are 
shown in FIGURE 9.3.5. The point (0, 2, 37r/2) is indicated in the figure by the red dot. 


FIGURE 9.3.5 Helix and osculating plane 


in Example 3 
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I| Formulas for a;, dy, and Curvature By dotting, and in turn crossing, the vector 
v = vT with (9), itis possible to obtain explicit formulas involving r, r’, and r” for the tangential 
and normal components of the acceleration and the curvature. Observe that 


v-a=ay(vT-N)+a,(vT-T) =a,~ 
— aaa, 
0 1 
yields the tangential component of acceleration 


dv va r(t):r(t) 


(10) 


ia Ss = 
"dt lvl [roll 
On the other hand, 
VX a=ay(vT XN) + a-(vT X T) = ayvB. 
i aes 
B 0 
Since ||B|| = 1, it follows that the normal component of acceleration is 
vXa r'(t) X r'(t 
nye WX al _ lO eI a 
lv Ir" 
Solving (11) for the curvature gives 
lv x all _ [r’@ X r"Oll 
k= = ; ‘ (12) 
llvIP IIr'lP 


| EXAMPLE4 | Curvature of Twisted Cubic 


The curve traced by r(t) = ti + 5t7j + 3t°kis said to be a “twisted cubic.” If r(f) is the position 
vector of a moving particle, find the tangential and normal components of the acceleration at 
any ft. Find the curvature. 


SOLUTION wa =r'(t) =i+ tj +t’k, a(t) =r"(t) =j + 2tk. 


Since v-a =1+ 2t7 and||v|| = V1 + ¢? + 24, it follows from (10) that 


dv t+ 2 
ar = = f 
"dt Wi+ePee 
ij k 
Now, vxa=]1 ¢ #] =fi-2tj+k 
O 1 2t 
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= = 


FIGURE 9.3.6 Radius of curvature 


and ||v x al| = V4 + 4¢° + 1. Thus, (11) gives 


>. Vitt+4P +1 t+ 40? +1 
Vi¢terr+es a aes 


From (12) we find that the curvature of the twisted cubic is given by 


ay — KV 


(t4 + 40? + 1)? 
Cera: 


K(f) 


Hi Radius of Curvature The reciprocal of the curvature, p = 1/k, is called the radius of 
curvature. The radius of curvature at a point P on a curve C is the radius of a circle that “fits” 
the curve there better than any other circle. The circle at P is called the circle of curvature and 
its center is the center of curvature. The circle of curvature has the same tangent line at P as 
the curve C, and its center lies on the concave side of C. For example, a car moving on a curved 
track, as shown in FIGURE 9.3.6, can, at any instant, be thought to be moving on a circle of radius p. 
Hence, the normal component of its acceleration ay = Kv’ must be the same as the magnitude 
of its centripetal acceleration a = v’/p. Therefore, x = 1/p and p = 1/k. Knowing the radius of 
curvature, we can determine the speed v at which a car can negotiate a banked curve without 
skidding. (This is essentially the idea in Problem 26 in Exercises 9.2.) 


REMARKS 
By writing (6) as 


dsdT d’s 
— _ + ———— as 


t) = = a; 
ay) dt dt dt* 


we note that the so-called scalar acceleration d7s/dt?, referred to in the last remark, is now 
seen to be the tangential component of the acceleration ay. 


| 9.3 Exercises Answers to selected odd-numbered problems begin on page ANS-21. 


In Problems 1 and 2, for the given position function, find the 


unit tangent. 


1. r(t) = (tcost — sinfi+t (tsint + cos)j+t?k, t>0 
2. r(t) = e'cos tit e' sin tj + Vek 


In Problems 7—16, r(f) is the position vector of a moving 
particle. Find the tangential and normal components of the 
acceleration at any ¢. 


7or) =it¢jtek 
8. r(t) = 3 cos fit 2 sintj + tk 


3. Use the procedure outlined in Example 2 to find T, N, B, and 
« for motion on a general circular helix that is described by 
r(f) = acos tit asin tj + ctk. 

4. Use the procedure outlined in Example 2 to show on the twisted 
cubic of Example 4 that at t = 1: 


1 1 
=—=(i+j+hW, N=-—=(i-b, 
2 


V3 v2 
v2 


1 
B= —-—=(-i+2j-k, «=— 


Vé 3 


In Problems 5 and 6, find an equation of the osculating plane 
to the given space curve at the point that corresponds to 
the indicated value of t. 


T 


5. The circular helix of Example 2; t = 7/4 
6. The twisted cubic of Example 4; t = 1 


9, r(f) = t7i + (t? — 1)j + 20’k 
10. ri) = Pi-Pjt+ rk 
1. r(t) = 2ti + 275 
12. r(t) = tan tit 3In(1 + tj 
13. r(t) =5cos tit 5 sin tj 
14. r(t) = cosh ti + sinh tj 
15. r(f) =e ‘(G+jt+k) 
16. r(f) = ti t+ (2¢- Lj t+ (4t4+ 2)k 
17. Find the curvature of an elliptical helix that is described by 
r(t) = acosti+ bsintj + ctk,a>0,b>0,c>0. 
18. (a) Find the curvature of an elliptical orbit that is described 
by r(t) = acosti+ bsint] + ck,a>0,b>0,c>0. 
(b) Show that when a = J, the curvature of a circular orbit 
is the constant k = I/a. 
19. Show that the curvature of a straight line is the constant k = 0. 
[Hint: Use (2) in Section 7.5.] 
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20. Find the curvature at t = 7 of the cycloid that is described by In Problems 23 and 24, use the result of Problem 22 to find the 
curvature and radius of curvature of the curve at the indicated 
points. Decide at which point the curve is “sharper.” 


23. y=x’; (0,0), (1, 1) 
24. ya (-1, -1), Gis 


r(f) = a(t — sinfhit+ all —coshj, a> 0. 


21. Let C be a plane curve traced by r(t) = f(A i + g(A)j, where f 
and g have second derivatives. Show that the curvature at a 
point is given by 


f'O8"O — s'OF"O| 
k= : 
“py? + Top) 232 
(fol [sO 25. Discuss the curvature near a point of inflection of y = F(x). 
22. Show that if y = F(x), the formula for « in Problem 21 reduces to 26. Show that |/a(#)||* = ax + az. 
|F'"(x)| 
kK = : 
[1 + F'@yy? 


9.4 Partial Derivatives 


Discussion Problems 


Zz 
oe eT) INTRODUCTION In this section we consider functions of two or more variables and how 
to find the instantaneous rate of change—that is, the derivative—of such functions with respect 
r| if > to each variable. 
| 1 
fly) | Functions of Two Variables Recall from calculus that a function of two variables 
i ” is arule of correspondence that assigns to each ordered pair of real numbers (x, y) of a subset 
i of the xy-plane one and only one number z in the set R of real numbers. The set of ordered pairs 
Gye (x, y) is called the domain of the function and the set of corresponding values of z is called the 
x domain of z = f(x, y) 


range. A function of two variables is usually written z = f(x, y). The variables x and y are called 
the independent variables of the function, and z is called the dependent variable. The graph 
FIGURE 9.4.1 Function of two variables of a function z = f(x, y) is a surface in 3-space. See FIGURE 9.4.1. 


Hi Level Curves For a function z = F(x, y), the curves defined by f(x, y) = c, for suitable 

c, are called the level curves of f The word /evel arises from the fact that we can interpret the 
z equation f(x, y) = c as the projection onto the xy-plane of the curve of intersection, or trace, of 
z = f(x, y) and the (horizontal or level) plane z = c. See FIGURE 9.4.2. 


plane 
GEE y 
» surface increasing 
) 2=f RY) \/ values of f 
| 
| y —-—.o_———_ 
| 
| 
* = f(x, y) =e 
(a) Surface (b) Level curves 


FIGURE 9.4.2 Surface and level curves 


Level Curves 


(b) Level curves : %y 5 . 7 s . 
The level curves of the function f(x, y) = y° — x° are defined by y° — x“ = c. As shown in 


FIGURE 9.4.3 Surface and level curves in FIGURE 9.4.3, when c > 0 or c < 0, amember of this family of curves is a hyperbola. For c = 0, 


Example | we obtain the lines y = x and y = —x. = 
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FIGURE 9.4.4 Level surfaces in Example 2 


I Functions of Three or More Variables Functions of three or more variables are 
defined analogously to functions of two variables. For example, a function of three variables 
is arule of correspondence that assigns to each ordered triple of real numbers (x, y, z) of a subset 
of 3-space one and only one number w in the set R of real numbers. We write w = F(x, y, z). 


Hi Level Surfaces Although we cannot draw a graph of a function of three variables 
w = F(x, y, z), we can draw the surfaces defined by F(x, y, z) = c for suitable values of c. These 
surfaces are called level surfaces. This is an unfortunate, though standard, choice of words, since 
level surfaces are usually not level. 


| EXAMPLE2 | Level Surfaces 


Describe the level surfaces of the function F(x, y, z) = (x? + yz. 


SOLUTION Forc # 0 the level surfaces are given by 


2 2 
ao ary 
——. = OF x*+y*=cz 
Zz 


A few members of this family of paraboloids are shown in FIGURE 9.4.4. = 


artial Derivatives e derivative of a function of one variable y = f(x) is given 
I Partial D t The d faf f ble y = f(x) is given by 
dy _ i far Ax) FQ) 


im * 
dx Ax>0 Ax 


In exactly the same manner, we can define a derivative of a function of two variables with respect 
to each variable. If z = f(x, y), then the partial derivative with respect to x is 


az _ f(x + Ax, y) — fay) 
lim 


(1) 


Ox — Ax-30 Ax 


and the partial derivative with respect to y is 


az Sey > Ay) — fy) 
lim iH 


2 
dy Ay30 Ay (2) 


provided each limit exists. 

In (1) the variable y does not change in the limiting process; that is, y is held fixed. Similarly, 
in (2) the variable x is held fixed. The two partial derivatives (1) and (2) then represent the rates 
of change of f with respect to x and y, respectively. On a practical level: 


To compute dz/0x, use the laws of ordinary differentiation while treating y as a constant. 


To compute 0z/dy, use the laws of ordinary differentiation while treating x as a constant. 


| EXAMPLE3 | Partial Derivatives 


If z = 4x3y’ — 4x? + y® + 1, find dz/dx and dz/dy. 


SOLUTION We hold y fixed and treat constants in the usual manner. Thus, 
0 

a 12x*y? — 8x. 

Ox 


By treating x as a constant, we obtain 


Oz 
— = 8x4y + 6y°. = 
dy 


I| Alternative Symbols The partial derivatives 0z/dx and dz/dy are often represented by 
alternative symbols. If z = f(x, y), then 
ac _ af a _ af 


= . and = = Z, = fs 
Ox Ox x = hs oy oy 2 f 
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I| Higher-Order and Mixed Derivatives For a function of two variables z = f(x, y), 
the partial derivatives dz/dx and dz/dy are themselves functions of x and y. Consequently, we 
can compute second and higher partial derivatives. Indeed, we can find the partial derivative 
of dz/dx with respect to y, and the partial derivative of dz/dy with respect to x. The latter types of 
partial derivatives are called mixed partial derivatives. In summary, for z = f(x, y): 


Second-order partial derivatives: 


az 90 faz az a faz 
= =—|—)] and aera ee 
Ox” 0x \ Ox oy dy \dy 


Third-order partial derivatives: 


az a (=) ‘ az a (5) 
SS = | ani SS a ee 
ax? ax \ax? ay? oy ay” 


Mixed second-order partial derivatives: 

az a (=) az a (=) 
= —|—] and =—|—}. 

Oxdy 0x \dy dyox dy \dx 


I| Alternative Symbols The second- and third-order partial derivatives are denoted by f,., 


Shy» fxs and so on. The subscript notation for mixed second partial derivatives is f,, or f,,.. Note that 


2) a°z az 


0 
try ~ (foy ~~ ay ( ax and Tye _ 


7 Oyox axdy" 


Although we shall not prove it, if a function f has continuous second partial derivatives, then the 
order in which a mixed second partial derivative is done is irrelevant; that is, 


Fey = fox: (3) 


[| Functions of Three or More Variables The rates of change of a function of three vari- 
ables w = F(x, y, z) in the x, y, and z directions are dw/dx, dw/dy, and dw/dz, respectively. To compute, 
say, Ow/dx, we differentiate with respect to x in the usual manner while holding both y and z constant. 
In this manner we extend the process of partial differentiation to functions of any number of variables. 


| EXAMPLE4 | Partial Derivatives 


If F(x, y,) = e *™ cos 4x sin 6y, then the partial derivatives with respect to x, y, and ¢ are, in turn, 
F(x, y, 2) = —4e>” sin 4x sin 6y, 
F(x, y, t) = 6e-°”' cos 4x cos 6y, 


3 


F(x, y, t) = —37e °™ cos 4x sin 6y. = 


Hi Chain Rule The Chain Rule for functions of one variable states that if y = f(u) is a dif- 
ferentiable function of u, and u = g(x) is a differentiable function of x, then the derivative of the 
composite function is 


— = 24 (a 
dx du dx 
For a composite function of two variables z = f(u, v), where u = g(x, y) and v = h(x, y), we would 


naturally expect two formulas analogous to (4), since we can compute both dz/dx and 0z/dy. The 
Chain Rule for functions of two variables is summarized as follows: 


Theorem 9.4.1 Chain Rule 


If z = f(u, v) is differentiable and u = g(x, y) and v = h(x, y) have continuous first partial 
derivatives, then 


az Oz du OZ AV oz Oz du Oz av 
ax dudx dv dx dy dudy  davoy 


(5) 
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FIGURE 9.4.5 Tree diagrams 


| EXAMPLES | Chain Rule 


Ifz =u? — viandu = e* », v = sin(x? — y?), find dz/dx and dz/dy. 


SOLUTION Since dz/du = 2u and dz/dv = —3v’, it follows from (5) that 


ts) 
= = 2u(2e™*-) — 3v?[2x cos(x? — y*)] = 4ue*” — 6xv* cos(x? — y’) (6) 
x 


te) 
m = 2u(—3e"" ”) — 3v"[(—2y) cos(x* — y*)] = —6ue*” + 6yv’ cos(x’ — y’). (7) = 
y 


Of course, in Example 5 we could substitute the expressions for u and v in the original func- 
tion and then find the partial derivatives directly. In the same manner, the answers (6) and (7) 
can be expressed in terms of x and y. 


Hi Special Case Ifz= f(u, v) is differentiable and u = g(t) and v = A(t) are differentiable 
functions of a single variable t, then Theorem 9.4.1 implies that the ordinary derivative dz/dt is 


dz _ dz du dz dv 
dt audt avdt 


(8) 


I| Generalizations The results given in (5) and (8) immediately generalize to any number 
of variables. If z = f(u,, uo, ..., u,,) and each of the variables u,, us, u3, ..., u,, are functions of 
X1,X2,..., X,, then under the same assumptions as in Theorem 9.4.1 we have 


OZ dz OU, . dz OU, reer (OZ OUy 


(9) 


OX; 7 OU, OX; OUy OX; OU, OX; 
where i = 1, 2,..., k. Similarly, if the u;,i = 1, ...,, are differentiable functions of a single 
variable ft, then 
dz az du, dz du, dz du, (10) 
dt du, dt du, dt du, dt” 


Hi Tree Diagrams The results in (5) can be memorized in terms of a tree diagram. The dots 
in the first diagram in FIGURE 9.4.5(a) indicate the fact that z depends on u and v; u and v depend, in 
turn, on x and y. To compute dz/dx for example, we read the diagram vertically downward starting 
from z and following the two blue polygonal paths leading to x, multiply the partial derivatives 
on each path, and then add the products. The result given in (8) is represented by the second tree 
diagram in Figure 9.4.5(b). 

We shall use tree diagrams in the next two examples to illustrate special cases of (9) and (10). 


| EXAMPLE6 | Using Tree Diagrams 


Ifr=x + yr and x = uve’, y= uw — v’s, z = sin(uvs’), find dr/ds. 


SOLUTION From the blue and green paths in the tree diagram in Figure 9.4.5(c) we obtain 


or or Ox or oy Or OZ 
os oOxods <dyds dz 0S 


= 2x(2uve”) + S5y*z3(—v?) + 3y°z?(2uvs cos (uvs’)). = 


| EXAMPLE7 | Using Tree Diagrams 


Ifz = wvw't andu = t?, v=5t—8,w=f? +4, find dz/dt. 


SOLUTION In this case the tree diagram in Figure 9.4.5(d) indicates that 


dz dzdu_ dzdv__ dz dw 
dt odudt dvdt ow dt 


= 2uvw'(2t) + 3u°v’w*(5) + 4u?v3w3(3t? + 1). 


ALTERNATIVE SOLUTION Differentiate z = r4(5t — 8)°(t? + £)4 by the Product Rule. = 
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REMARKS 


If w = F(x, y, z) has continuous partial derivatives of any order, then analogous to (3), the 
mixed partial derivatives are equal: 


Pig = JH STE 


kyx? 


and so on. 


| 9.4 Exercises Answers to selected odd-numbered problems begin on page ANS-22. 


In Problems 1-6, sketch some of the level curves associated In Problems 33 and 34, verify that the given function satisfies 
with the given function. Laplace’s equation: 
= a 
1. f(x, y) =x + 2y 2. fa y=y —x ce ‘ 
= 4/2 2 — =. 

3. f@y)= Vx" —y 7 i : ax* ay? 

ee a Sah ey e 33. z= In(x’ + y’) 34. z= e* cos 2xy 

5. f(x,y) =e * 6. f(x,y) = tan “(y — x) ; ; ; ; 

In Problems 35 and 36 verify that the given function satisfies the 
In Problems 7—10, describe the level surfaces but do not graph. wave equation: 
xg 2 2 
1. FQ, y,2= > + — ey ou 
9 4 re er 
D4? at 92 

8 Fay, z2=x +y +z : . 

9. F(x, y,z) = go 352 + 62 35. uw = cos at sinx 36. u = cos(x + at) + sin(x — at) 
10. FO. a z)=4y-224+1 37. The molecular concentration C(x, f) of a liquid is given by 
11. Graph some of the level surfaces associated with F(x, y, z) = C(x, t) = t'? e*/", Verify that this function satisfies the 

x°+y—2 forc=0,c>0,andce<0. diffusion equation: 
12. Given that kavc ac 
2 — 
A = i y . 2 4 ax ot 
fee 16 4 9° 38. The pressure P exerted by an enclosed ideal gas is given by 
P = k(T/V), where k is a constant, T is temperature, and V is 
find the x-, y-, and z-intercepts of the level surface that passes volume. Find: 
through (—4, 2, —3). (a) the rate of change of P with respect to V, 


(b) the rate of change of V with respect to T, and 


In Problems 13-32, find the first partial derivatives of the given (c) the rate of change of T with respect to P. 


function. 
13, z=x2— xy? + 4y9 14. 2 = — + 6x2y3 + 5y? In Problems 39-48, use the Chain Rule to find the indicated 
15. z= Sxty — x2y6 bye = 4y partial derivatives. 
16. 7= i 39. c=e™s u=x39, v=x-ys =, = 
4V x a OY 
— ae = Ay3 — 5x2 OZ OZ 
17. Zz eA 18. z= 4x 5x° + 8x 40. z = u2cos 4v; u = y, v= + ys en 
x 
19. z=@?-y)! 20. z= (—x‘ + Ty* + 3y)® : az a 
2B, 2 M. 2=4x—5y; x =u — 8v’, y= (Qu —v)’; a 
21. z= cos’ 5x + sin* 5y agers a ys »y Sag ay 
ay . 6 - 2 
23 f(x, y) = xe" 24. f(0, 6) = ¢° sin ww ¢=2 yah ye ZH 
eee x+y Vv ue du av 
A? 2 4. .2y3/2 dw ow 
25. ,y)= 26. : 43. w= + ;u=e ‘siné,v =e ‘cos 0; —,— 
f(x, y) =e f@, y) = Caw yp w=(Ut+vy"j;u=e v=e Rise 
ve a, us 79 dw Ow 
= 1 . = 2 2 = “9: —._ —— 
21. gu, v) = In(4u? + 5v5) 28, (r,s) = ——> — —— ee VE a 
v) 2 2.2 OR OR 
29. w=2V xy - ae er 30. ee 6 Rom: f= we" 6= ve", t= 2": aa i 
31. F(u, v, x, 0) = ww? — uv? + vw cos(ut?) + (2x72)* ‘3 In(pqr) 6 sash x a % dO 0Q 
4s . O=In(pgr); p=t sin’ x, gq=—>, r= tan aor 
32. G(p,4,7,5) = (p’g*y* oo Pa: P 1 P t’ ax’ ot 
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t dw Ow OW 
y = —coshrs; —, —, —— 
ot or ou 
8%. s=pt+q—r+4t p= de", q =cos(h + 0), r= 66", 
Os Os 
t= 26 + 86; —, — 
? ad 06 
In Problems 49-52, use (8) to find the indicated derivative. 
d: 
99. 2=IntPt+VY)u=,v=t 7; = 
dt 


YG 
50. z= wv —uv';u=e",v = sec 5t; — 

dt 
51 Gritty oe ees 
. w= cos(3u vjj;u= sve-t- se 

D ria ae 
52 y ss ag: 
- WS ey = i = 
re ad dt |, 


53. Ifu = f(x, y) andx = rcos 6, y = rsin 8, show that Laplace’s 
equation 0°u/dx* + d?u/dy’ = 0 becomes 
1 au 


au 7 1 ou 
r? 007 


ar? r or 


54. Van der Waals’ equation of state for the real gas CO, is 


0.08T 3.6 
V-— 0.0427 Vv? 
If dT/dt and dV/dt are rates at which the temperature and vol- 
ume change, respectively, use the Chain Rule to find dP/dt. 


55. The equation of state for a thermodynamic system is 
F(P, V, T) = 0, where P, V, and T are pressure, volume, and 


N 


caf y) 


y 
rate of change of f . 


temperature, respectively. If the equation defines V as a function 
of P and T, and also defines T as a function of V and P, show that 


aF 
avs? 1 
aria aT” 

avs 


56. The voltage across a conductor is increasing at a rate of 
2 volts/min and the resistance is decreasing at a rate of 
1 ohm/min. Use J = E/R and the Chain Rule to find the rate 
at which the current passing through the conductor is changing 
when R = 50 ohms and E = 60 volts. 

57. The length of the side labeled x of the triangle in FIGURE 9.4.6 
increases at a rate of 0.3 cm/s, the side labeled y increases 
at a rate of 0.5 cm/s, and the included angle @ increases at a 
rate of 0.1 rad/s. Use the Chain Rule to find the rate at which 
the area of the triangle is changing at the instant x = 10 cm, 
y = 8cm, and 0 = 7/6. 


x 


aes 


y 
FIGURE 9.4.6 Triangle in Problem 57 


58. A particle moves in 3-space so that its coordinates at any time 
arex = 4cost,y =4sint¢, z = 5t, t= 0. Use the Chain Rule 
to find the rate at which its distance 


w= Ver + y? + 2? 


from the origin is changing at t = 57/2 seconds. 


Directional Derivative 


INTRODUCTION We saw in the last section that for a function f of two variables x and y, 
the partial derivatives dz/dx and 0z/dy give the slope of the tangent to the trace, or curve of in- 
tersection of the surface defined by z = f(x, y) and vertical planes that are, respectively, parallel 
to the x- and y-coordinates axes. Equivalently, we can think of the partial derivative 0z/dx as 
the rate of change of the function fin the direction given by the vector i, and dz/dy as the rate of 
change of the function fin the j-direction. There is no reason to confine our attention to just two 
directions. In this section we shall see how to find the rate of change of a differentiable function 


in the j-direction’ 10 any direction. See FIGURE 9.5.1. 


d is dz 
x ~ rate of change of f uu ay 
in the i-direction What is the 
is OZ rate of change of 
ox fin the direction 


given by the vector u? 


FIGURE 9.5.1 An arbitrary direction is 
denoted by the vector u 


il The Gradient of a Function In this and the next sections it is convenient to introduce 
a new vector based on partial differentiation. When the vector differential operator 


0 0 0 0 0 


V=i—+j— or V=i—+j—+k 
Ox oy Ox oy Oz 


is applied to a differentiable function z = f(x, y) or w = F(x, y, z), we say that the vectors 


C) C) 
Vf y) = oi + 4 (1) 
Ox oy 
OF oF OF 
VIG 2) = 1+ — 9) + =k (2) 
Ox oy Oz 
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are the gradients of the respective functions. The symbol V, an inverted capital Greek delta, is 
called “del” or “nabla.” The vector Vfis usually read “grad f-” 


| EXAMPLE1 | Gradient 


Compute Vf(x, y) for f(x, y) = 5y — xy’. 
te) ) 

SOLUTION From (1), Vf(, y) = cs (Sy — xy?)i + = (Sy — xy’) j; therefore 
xX y 


Vix, y) = —3xy7i + (5 — 2x°y)j. = 


| EXAMPLE2 | Gradient at a Point 


If F(x, y, Z) = xy* + 3x? — 2°, find VF(x, y, z) at (2, -1, 4). 
SOLUTION From (2), VF(x, y, z) = (y? + 6x)i + 2xyj — 3z’k and so 
VF(2, —1, 4) = 13i — 4j — 48k. = 


[| A Generalization of Partial Differentiation Suppose u = cos 6i + sin 6j is a unit 
vector in the xy-plane that makes an angle 6 with the positive x-axis and is parallel to the vector 
v from (x, y, 0) to (x + Ax, y + Ay, 0). Ifh = V (Ax)? + (Ay) > 0, then v = hu. Furthermore, 
let the plane perpendicular to the xy-plane that contains these points slice the surface z = f(x, y) 
in a curve C. We ask: What is the slope of the tangent line to C at a point P with coordinates 
(x, y, f(x, y)) in the direction given by v? See FIGURE 9.5.2. 

From the figure we see that Ax = h cos @ and Ay = h sin @ so that the slope of the indicated 
secant line is 


f(x + Ax,y + Ay) — fy) ff + hceos6,y + hsin 0) — f(x, y) 
h h ; 


(3) 


tangent 
secant 


ys surface 
C z=f(,y) 


f(x + Ax, y + Ay) —f(, y) 


as Ay (x+ Ax, y + Ay, 0) 
% 


FIGURE 9.5.2 C is the curve of intersection of the surface and the plane determined by vector v 


We expect the slope of the tangent at P to be the limit of (3) as h > 0. This slope is the rate of change 
of fat P in the direction specified by the unit vector u. This leads us to the following definition: 


Definition 9.5.1 Directional Derivative 


The directional derivative of z = f(x, y) in the direction of a unit vector u = cos 01 + sin jis 


f(x + hcos 0, y + hsin@) — f(@, y) 
h 


D,fG,y) = lim (4) 


provided the limit exists. 
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Observe that (4) is truly a generalization of partial differentiation, since 


fat hy) ~ fly) _ a 


6= 0 implies that D,f(x, y) = lim 
h-0 


h Ox 

,y +h) — f(x, F) 
and po eee Dienst = 
2 h—0 h oy 


I| Method for Computing the Directional Derivative While (4) could be used 
to find D, f(x, y) for a given function, as usual we seek a more efficient procedure. The next 
theorem will show how the concept of the gradient of a function plays a key role in computing 
a directional derivative. 


Theorem 9.5.1 Computing a Directional Derivative 


If z = f(, y) 1s a differentiable function of x and y and u = cos i + sin @j, then 


Dy f(x, y) = Vf, y) + u. (5) 


PROOF: Let x, y, and 6 be fixed so that g(t) = f(x + t cos 0, y + t sin 6) is a function of one 
variable. We wish to compare the value of g’(0), which is found by two different methods. First, 


by the definition of a derivative, 
g(0 + h) — g(0) i tf + hcos 6,y + hsin@) — f(x, y) 
= lim . 


a) h 


g'(0) = lim (6) 


Second, by the Chain Rule, (8) of Section 9.4, 
' d d 
g(t) = fix + tcosé, y + tsin 6) + tcos@) + f(x + tcosé, y + tsin 6) @ +rfsin0) (7) 
= f(x + tcos0, y + tsin #)cosé + f,@ + tcosé, y + tsin 8) sin 6. 


Here the subscripts | and 2 refer to the partial derivatives of f(x + tcos 0, y + tsin @) with respect 
tox + tcos @ and y + ¢ sin 0, respectively. When t = 0, we note that x + tcos 6 and y + tsin 0 
are simply x and y, and therefore (7) becomes 


g'(0) =f, y) cos 6 + f,(x, y) sin 0. (8) 


Comparing (4), (6), and (8) then gives 
Dyf (x, y) = f(x, y) cos 6 + FQ, y) sin 6 
= [f(x, y)i + fx, y)j] « (cos Oi + sin Aj) 


= Vf(x% y)-*u. = 


| EXAMPLE3 | Directional Derivative 


Find the directional derivative of f(x, y) = 2x*y*> + 6xy at (1, 1) in the direction of a unit vector 
whose angle with the positive x-axis is 77/6. 


0 0 
SOLUTION Since - = 4xy? + 6y and “ = 6x’y* + 6x, we have 
x y 
V(x, y) = (4xy? + 6y)i + (6x*y? + 6x)j and Vf(1, 1) = 101+ 12}. 


3 1 
Now, at 6 = 77/6, u = cos i + sin 8j becomes u = “>t + ad Therefore, 


D, fC, 1) = Vf, lsu = (10i + i2p-(“Bs + +3) =5V3+6. 
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| EXAMPLE4 | Directional Derivative 


Consider the plane that is perpendicular to the xy-plane and passes through the points P(2, 1) 
and Q(3, 2). What is the slope of the tangent line to the curve of intersection of this plane with 
the surface f(x, y) = 4x? + y at (2, 1, 17) in the direction of Q? 


SOLUTION We want D,f(2, 1) in the direction given by the vector PO = i+ j. But since 
PO is not a unit vector, we form u = a/v2)i + (/V2)j. Now, 
Vf(x, y) = 8xit+ 2yj and Vf(2, 1) = 16i + 2j. 


Therefore, the required slope is 


D,f(2, 1) = (16i + 2j) (= ie ) 9V2 = 

ut 4%, 1) = 1 yp- 1 J) = . = 
V2 «V2 

I Functions of Three Variables Fora function w = F (x, y, z) the directional derivative 

is defined by 


F(x + hcosa,y + hcosB,z + hcos y) — F(x, y, z 
DFG y, 2) = tim ( y B Y) (x, y ) 


n—0 h 


where a, f, and y are the direction angles of the unit vector u measured relative to the positive 
x-, y-, and z-axes, respectively.* But in the same manner as before, we can show that 


D, F(x, y, 2) = VFO, y, Z)* U. (9) 
Notice that since u is a unit vector, it follows from (10) of Section 7.3 that 
Dy f(x, y) = comp,Vf(x,y) and =D, F(x, y, z) = comp, VF, y, z). 


In addition, (9) reveals that 


ow 
DF y, Z) = =. 
OZ 


| EXAMPLES — | Directional Derivative 


Find the directional derivative of F(x, y, z) = xy” — 4x 2y + 2 at (1, —1, 2) in the direction 
of 61+ 2j + 3k. 


OF OF OF 
SOLUTION We have — = y’ — 8xy, — = 2xy — 4x”, and — = 2¢ so that 
Ox oy Oz 
VF(x, y, 2) = (y° — 8xy)i + (Qxy — 4x°)j + 22k 
VF, —1, 2) = 9i- 6j + 4k. 


Since ||6i + 2j + 3k|| = 7 thenu = $i+ 3 j + 3k isa unit vector in the indicated direction. 
It follows from (9) that 


D,F( =1,2)= 1-6) +44): (Si + 25 + 3x) ae 
a J q 0° ge 4 7 


{| Maximum Value of the Directional Derivative Let f represent a function of either 
two or three variables. Since (5) and (9) express the directional derivative as a dot product, we 
see from (5) of Theorem 7.3.2 that 


Daf = ||Vél| ||¥l] cos 6 = ||¥F]] cos, Cul] = D, 


*Note that the numerator in (4) can be written f(x + h cos a, y + hcos B)—f(x, y), where B = (7/2) — a. 


CHAPTER 9 Vector Calculus 


where ¢ is the angle between Vf and u. Because 0 = ¢ = 77, we have —1 = cos ¢ = | and, 
consequently, —||V/|| < D,f S || Vf||. In other words: 


The maximum value of the directional derivative is \|Vf|| and it occurs when u 
has the same direction as Vf (when cos @ = 1). 


(10) 


The minimum value of the directional derivative is —||Vf|| and it occurs when u 
and Vf have opposite directions (when cos ¢ = —1). 


| EXAMPLE6 | Max/Min of Directional Derivative 


In Example 5 the maximum value of the directional derivative of F of (1, —1, 2) is 
| VF, —1, 2)|] = 133. The minimum value of D,F(1, —1, 2) is then —V'133. 


(11) 


I| Gradient Points in Direction of Most Rapid Increase of f Put yet another way, 
(10) and (11) state: 


The gradient vector Vf points in the direction in which f increases most rapidly, 
whereas —Vf points in the direction of the most rapid decrease of f. 


| EXAMPLE7 | Direction of Steepest Ascent 


Each year in Los Angeles there is a bicycle race up to the top of a hill by a road known to be 
the steepest in the city. To understand why a bicyclist with a modicum of sanity will zigzag 
up the road, let us suppose the graph of f(x, y) = 4 —} Vx? + y’, 0 =z <4, shown in 
FIGURE 9.5.3(a) is a mathematical model of the hill. The gradient of fis 


2 
5 


2 =x =y 
Vf(x, y) = | ——? fe i = = r, 
FIGURE 9.5.3 Model of a hill in 3LVx2 ty Vere $y? Var + 


Example 7 


where r = —xi — yj is a vector pointing to the center of the circular base. 
Thus the steepest ascent up the hill is a straight road whose projection in the xy-plane is a 
radius of the circular base. Since D, f = comp,Vf, a bicyclist will zigzag, or seek a direction 


u other than Vf, in order to reduce this component. = 


| EXAMPLES | 8 Direction to Cool Off Fastest 


The temperature in a rectangular box is approximated by 


T(x, y,2) =axyz1 -dNQ2-y3B-2), OSxe1, OSys2, 05753. 


If a mosquito is located at (5, 1, 1), in which direction should it fly to cool off as rapidly as 
possible? 


SOLUTION The gradient of T is 


VT(x% y, 2) = y2(2 — y\(3 — 2) — 2x)i + x21 — 23 — z)(2 — 2y)j + xy — x2 — y)3 — 2z)k. 


Therefore, V7(5, 1, 1) = {k. To cool off most rapidly, the mosquito should fly in the direction 
of — ik; that is, it should dive for the floor of the box, where the temperature is T(x, y,0) = 0. = 


9's) Exercises Answers to selected odd-numbered problems begin on page ANS-22. 


In Problems 1-4, compute the gradient for the given function. In Problems 5-8, find the gradient of the given function at the 
1. fi, y) = = ey + y! 2. f(x, y)=y— ety indicated point. 
9 2. 
3. F(x, y, 2) = —- 4. F(x, y, 2) = XY COS yz ae _ " ja af . ° 
ee 6. f(xy) = xy — ys (3, 2) 


9.5 Directional Derivative | 505 


7. FQ, y, z) = x’ sin 4y; (—2, 7/3, 1) 
8. F(x, yy Z) = In(x? + y a rae (-4, 3, 5) 
In Problems 9 and 10, use Definition 9.5.1 to find D, f(x, y) 
given that u makes the indicated angle with the positive x-axis. 
9. f(x,y) =x? + y’; 6 = 30° 
10. f(x, y) = 3x—y’; @ = 45° 
In Problems 11-20, find the directional derivative of the given 
function at the given point in the indicated direction. 
11. fa, y) = Sry: (-1, 1), 0 = 7/6 
12. f(x, y) = 4x + xy’ — 5y; (3, -1), 6 = 7/4 


13. f(x,y) = tan™? - (O.-9), 13] 

xy ; : 

14. f@,9)= 2 @ 1), 68+ 8 
x+y 


15. f(x, y) = (xy + 1)’; ©, 2), in the direction of (5, 3) 
16. f(x, y) = tan y; (5, 77/3), in the direction of the negative x-axis 
17. F(x, y, 2) = x’y’(2z + 1); (1, -1, 1), (0, 3, 3) 
ey? 
18. F(x, y,z) = 7 3 @,4,-1),1=2j7k 
Z2 


19. F(x, y,z) = Vx7y + 2yz; (—2, 2, 1), in the direction of the 
negative z-axis 

20. F(x, y, z) = 2x — y’ + 2; (4, —4, 2), in the direction of the 
origin 

In Problems 21 and 22, consider the plane through the points P 

and Q that is perpendicular to the xy-plane. Find the slope of the 

tangent at the indicated point to the curve of intersection of this 

plane and the graph of the given function in the direction of Q. 

21. f(x,y) = — ys P(4, 2), Q00, 1); (4, 2, 4) 

22. f(x,y) =x — Sxyt+y’; Pd, 1), Q(—1,6); C1, 1, —3) 


In Problems 23-26, find a vector that gives the direction in 
which the given function increases most rapidly at the indicated 
point. Find the maximum rate. 
23. f(x, y) = e* sin y; (0, 77/4) 
24. f(x, y) = xye’*; (5,5) 
25. F(x, y, Z) = x? + 4xz + Dye" (1,2, —1) 
26. F(x, y, z) = xyz; (3, 1, —5) 
In Problems 27-30, find a vector that gives the direction in 
which the given function decreases most rapidly at the indicated 
point. Find the minimum rate. 
27. f(x, y) = tan(x* + y*); (V 27/6, V 77/6) 
28. f(x,y) = x3 — y’; (2, —2) 
29. F(x, y,2) = Vxze"; (16,0, 9) 
x 
30. F(x, y,2) = n(2); Gap 
31. Find the directional derivative(s) of f(x, y) = x + y’ at 
(3, 4) in the direction of a tangent vector to the graph of 
2x? + y? = 9 at (2, 1). 
32. If f(x, y) = 2? + xy + y’ — x, find all points where D, f(x, y) 
in the direction of u = (1/ V2) + j) is zero. 
33. Suppose V/(a, b) = 4i + 3j. Find a unit vector u so that 
(a) Dy f(a, b) = 0, 
(b) D, f(a, b) is a maximum, and 
(c) D,f(a, b) is a minimum. 
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34. 
35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


43. 


44. 


Suppose D,, f(a, b) = 6. What is the value of D_, f(a, b)? 
(a) Iff(x,y) =x — 3x°y’ + y’, find the directional derivative 

of fat a point (x, y) in the direction of u = (UV 10)(3i +j). 
(b) If F(x, y) = Dy fC, y) in part (a), find DyF(. y). 
Consider the gravitational potential 


—Gm 


UG, »y) = ———., 
Vix + y? 


where G and m are constants. Show that U increases or 
decreases most rapidly along a line through the origin. 

If f(x, y) = x? — 12x + y’ — 10y, find all points at which 
[| Vell = 0. 

Suppose 


D, f(a, b) = 7, D, fla, b) = 3 


Find Vf(a, b). 

Consider the rectangular plate shown in FIGURE 9.5.4. The tem- 
perature at a point (x, y) on the plate is given by T(x, y) = 
5 + 2x? + y’. Determine the direction an insect should take, 
starting at (4, 2), in order to cool off as rapidly as possible. 


FIGURE 9.5.4 Insect in Problem 39 


In Problem 39, observe that (0, 0) is the coolest point of the 
plate. Find the path the cold-seeking insect, starting at (4, 2), 
will take to the origin. If (x(4), y(t) is the vector equation of 
the path, then use the fact that —V7(x, y) = (x'(4), y'(O)). Why 
is this? [Hint: Remember separation of variables? ] 

The temperature at a point (x, y) on a rectangular metal plate 
is given by T(x, y) = 100 — 2x? — y’. Find the path a heat- 
seeking particle will take, starting at (3, 4), as it moves in the 
direction in which the temperature increases most rapidly. 
The temperature T at a point (x, y, z) in space is inversely 
proportional to the square of the distance from (x, y, z) to 
the origin. It is known that T(0, 0, 1) = 500. Find the rate of 
change of T at (2, 3, 3) in the direction of (3, 1, 1). In which 
direction from (2, 3, 3) does the temperature T increase most 
rapidly? At (2, 3, 3) what is the maximum rate of change of T? 
Find a function f such that 


Vf = 3x7 + y? + ye)i + (—2y* + 3xy* + xe”) j. 


Let f., A» Sry fx be continuous and u and v be unit vectors. 
Show that D,D, f = D,D, f 


In Problems 45-48, assume that f and g are differentiable 49. If Fa, y,z) =fi@ y, Di + AG y, Dj + A(x, y, z)k and 


functions of two variables. Prove the given identity. F) a a 
V=i—+j—+k—, 
45. Vicf) = c VE a6. Vif+s)=Vft Ve "ax Jay az 
Vf -fV 
47. Vg) =f Ve + eVf 48. (2) _ 8vf Sf 8 show that 


curve 


f(x y) =e 


Vf(Xo, Yo) 


FIGURE 9.6.1 Gradient is perpendicular 
to tangent vector at P 


we =5 


FIGURE 9.6.2 Gradient in Example | 


2 
vxr=(%-%)i4(%-%);.(@-™), 
oy Oz 0z Ox Ox oy 


9.6 Tangent Planes and Normal Lines 


INTRODUCTION The notion of the gradient of a function of two or more variables was 
introduced in the preceding section as an aid in computing directional derivatives. In this section 
we give a geometric interpretation of the gradient vector. 


I| Geometric Interpretation of the Gradient—Functions of Two Variables 
Suppose f(x, y) = cis the level curve of the differentiable function z = f(x, y) that passes through 
a specified point P(x, yo); that is, f(%9, yo) = c. If this level curve is parameterized by the 
differentiable functions 

x= g(t), y= A(t) — suchthat — xX) = g(%), Yo = Alto), 
then the derivative of f(g(4), h(t)) = c with respect to fis 


af dx, afdy _ 4 ‘a 


ox dt dy dt 7 
When we introduce the vectors 
af of dx dy 
Vfay)= —i+—j and r()=—i+—j, 
f(x, y) rv ay) () tt re 


(1) becomes Vf: r’ = 0. Specifically, at t = f, we have 
Vf (X05 Yo) * ¥'(to) = 0. (2) 


Thus, if r’(t)) # 0, the vector Vf(%p, yo) is orthogonal to the tangent vector r’(fp) at P(Xo, yo). We 
interpret this to mean: 


Vfis orthogonal to the level curve at P. 


See FIGURE 9.6.1. 


| EXAMPLE1 | Gradient at a Point 


Find the level curve of f(x, y) = —x* + y’ passing through (2, 3). Graph the gradient at the point. 


SOLUTION Since f(2, 3) = —4 + 9 =5, the level curve is the hyperbola —x* + y* = 5. Now, 
Vé(x, y) = —2xi + 2yj and -Vf(2,3) = —4i + 6}. 
FIGURE 9.6.2 shows the level curve and Vf(2, 3). = 


[| Geometric Interpretation of the Gradient—Functions of Three Variables 
Proceeding as before, let F(x, y, z) = c be the level surface of a differentiable function w = F(x, y, z) 
that passes through P(X, yo, Zp). If the differentiable functions x = f(‘), y = g(t), z = h(d are the 
parametric equations of a curve C on the surface for which xp = f(t), Yo = 8(to), Zo = A(to), then 
the derivative of F( f(), g@, h()) = 0 implies that 


oF dx dF dy dF dz 
ox dt dy dt az dt 
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VF (Xp, Yos 20) OF. oF. aF dx. dy. di 
— or ( if — 7S K)-(Si+ + x) =o (3) 
Ox oy 0z 


In particular, at tf = fo, (3) is 


ra VF (Xo; Yor 20) * F'(to) = 0. (4) 
: P(X; Yor Z0) 

Thus, when r'(t)) # 0, the vector VF'(%, yo, Zo) is orthogonal to the tangent vector r’(f). Since this 

<a surface argument holds for any differentiable curve through P(x, yo, Zo) on the surface, we conclude that: 


FQ, y, z)=c 
VF is normal (perpendicular) to the level surface at P. 
FIGURE 9.6.3 Gradient is normal to level 
surface at P See FIGURE 9.6.3. 


z Gradient at a Point 


Find the level surface of F(x, y, z) = x* + y* + 2 passing through (1, 1, 1). Graph the 


“4 gradient at the point. 
7 VF(1, 1, 1) 
Ve SOLUTION Since F(1, 1, 1) = 3, the level surface passing through (1, 1, 1) is the sphere 


x’ + y? + 2? = 3. The gradient of the function is 


VF(x, y, Z) = 2xi + 2yj + 2zk, 


and so, at the given point, VF(1, 1, 1) = 2i + 2j + 2k. The level surface and VF(1, 1, 1) are 
illustrated in FIGURE 9.6.4. = 


FIGURE 9.6.4 Gradient in Example 2 ]| Tangent Plane In the study of differential calculus a basic problem was finding an equa- 
tion of a tangent line to the graph of a function. In 3-space the analogous problem is finding an 
equation of a tangent plane to a surface. We assume again that w = F(x, y, z) is a differentiable 
function and that a surface is given by F(x, y, z) = c. 


Zz tangent aa 
wy plane at Definition 9.6.1 Tangent Plane 


(Xo, Yo Zo) 
Let P(X, Yo, Zo) be a point on the graph of F(x, y, z) = c, where VF is not 0. The tangent plane 
at P is that plane through P that is normal to VF evaluated at P 


Thus, if P(x, y, z) and P(%p, yo, Zo) are points on the tangent plane and r and ry are their respective 
position vectors, then a vector equation of the tangent plane is VF(%, Yo, Zo) * (" — Yo) = 0. See 
FIGURE 9.6.5. We summarize this last result: 


Theorem 9.6.1 Equation of Tangent Plane 


FIGURE 9.6.5 Tangent plane is normal to Let P(xo, yo, Zo) be a point on the graph of F(x, y, z) = c, where VF is not 0. Then an equation 
gradient at P of the tangent plane at P is 


Fo; Yo> Zo)(X <= Xo) ar Fy(%; Yo> Zoy a Yo) ats F(X, Yo» Zo)(Z = Zo) = 0. (5) 


| EXAMPLE3 | Equation of Tangent Plane 


Find an equation of the tangent plane to the graph of x? — 4y* + z* = 16 at (2, 1, 4). 


SOLUTION By defining F(x, y, z) = x° — 4y’ + 2’, the given surface is the level surface 
F(x, y, Z) = F(2, 1,4) = 16 passing through (2, 1, 4). Now, F(x, y, z) = 2x, Fy, y, z) = —8y, 
and F(x, y, z) = 2z, so that 


VF(x, y, z) = 2xi- 8yj+2zk and VF(2,1,4) =4i—8j + 8k. 
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It follows from (5) that an equation of the tangent plane is 

4a -2)-8y-1)+82-4)=0 or x-—2y+2z=8. = 
I| Surfaces Given by z=f (x, y) For a surface given explicitly by a differentiable 
function z = f(x, y), we define F(x, y, z) = f(x, y) — z or F(x, y, z) = z — f(x, y). Thus, a point 


(Xo, Yo. Zo) is on the graph of z = f(x, y) if and only if it is also on the level surface F(x, y, z) = 0. 
This follows from F(x, Yo, 29) = f(Xo; Yo) — Zo = 0. 


| EXAMPLE4 | Equation of Tangent Plane 


Find an equation of the tangent plane to the graph of z = 4x7 + +’ + 4 at (1, —1,5). 


SOLUTION Define F(x, y, z) = $x° + +y’ — z + 480 that the level surface of F passing 
a :| b>» through the given point is F(x, y, z) = FU, —1, 5) or F(, y, z) = 0. Now, F, = x, Fy = y, 
and F, = —1, so that 


| 
VF,-1,5)| VF(x,y,2)=xityj-k and VF(1,—-1,5)=i-j-k. 
| = 
| 
ad y Thus, from (5) the desired equation is 
(1, -1, 0) 
A @w@+D-GW-D-@-5=0 or -x+y+z=7. 
FIGURE 9.6.6 Tangent plane in See FIGURE 9.6.6. = 
Example 4 


| Normal Line Let P(x, yo, zo) be a point on the graph of F(x, y, z) = c, where VF is 
not 0. The line containing P(x, yo, Zo) that is parallel to VF (Xp, Yo, Zo) is called the normal 
line to the surface at P. As indicated by its name, this line is normal to the tangent plane to 
the surface at P. 


| EXAMPLES | Normal Line to a Surface 


Find parametric equations for the normal line to the surface in Example 4 at (1, —1, 5). 


SOLUTION A direction vector for the normal line at (1, —1,5) is VF, —1,5) =i-—j-—k. 
It follows that parametric equations for the normal line are 


x=1+?4, y=-l-t, z=5-t. = 


Expressed as symmetric equations the normal line to a surface F(x, y, z) = c at P(Xo, Yo, Zo) 
is given by 


x ~ Xo yY ~ Yo £7 £0 


FX; Yo Zo) F(X» Yo» Zo) F(X, Yor Zo) 


In Example 5, you should verify that symmetric equations of the normal line at (1, — 1, 5) 
are 
yor 2-5 
=I ol ae 


x-l= 


REMARKS 


Water flowing down a hill chooses a path in the direction of the greatest change in altitude. 


aa FIGURE 9.6.7 shows the contours, or level curves, of a hill. As shown in the figure, a stream start- 
ing at point P will take a path that is perpendicular to the contours. After reading Sections 9.5 

FIGURE 9.6.7 Stream is perpendicular to and 9.6, the student should be able to explain why. 
contours 
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| 9.6 Exercises Answers to selected odd-numbered problems begin on page ANS-22. 


In Problems 1—12, sketch the level curve or surface passing 
through the indicated point. Sketch the gradient at the point. 
y + 2x 
1. fay) =x— 2y; (6, 2 fly) = — 3 C, 3) 
L{BVSP- 2125) 4 fae rye) 
2 2 


x y 
8. J Oy) SS (2, $3) 


4 9 
se 
6. fry) == 2,2) 
1. fy) =@- IP -y AD 
-—1 
8 f(x,y) = = (16, 3) 


9. F(x, y,z)=y +z; 3, 1,1) 
10. Fix,y,2 =x? +y-z (1,1,3) 
1. F(x, y,z) = Vert yt 2; (3, 4, 0) 


12. Fx, y,z)=x?-y’ +z (0,-1,1) 


In Problems 13 and 14, find the points on the given surface at 
which the gradient is parallel to the indicated vector. 

3. z=x?+y; 4i+j+ 7k 

14. x+y +z=15; 271+ 8j+k 


In Problems 15-24, find an equation of the tangent plane to the 
graph of the given equation at the indicated point. 
19. x27 +y4+2=9; (-2,2, 1) 

16. 5x? -— y+ 47* = 8; (2,4, 1) 

17. x7 -y — 32 =5; (6,2, 3) 

18 xy + yz + zx =7; (1, —3, —5) 

19. z=25—x?—Yy’; (3, —4, 0) 

20. xz = 6; (2, 0, 3) 

2. z= cos(2x + y); (w/2, 7/4, —1/V2) 

22. xy3 + 6z = 10; (2, 1, 1) 

23. z= In(x? + y); (V2, WV, 0) 

24. z = 8e >” sin 4x; (7/24, 0, 4) 


In Problems 25 and 26, find the points on the given surface at 
which the tangent plane is parallel to the indicated plane. 


5. x°+y4+2=7; + 4y+6z2=1 


26. x°* — 2y* — 37? = 33; 8x + 4y + 62 =5 

27. Find points on the surface x? + 4x + y? + 2 - 2z= 11 
at which the tangent plane is horizontal. 

28. Find points on the surface x7 + 3y* + 4z* — 2xy = 16 at 
which the tangent plane is parallel to (a) the xz-plane, (b) the 
yz-plane, and (c) the xy-plane. 


In Problems 29 and 30, show that the second equation is an 
equation of the tangent plane to the graph of the first equation at 


(Xo, Yoo Zo). 
2 ye? xX WW, Ko 
29. a fo a oe ye a 
2 2 2 
30 x y 4 SL 1: XXo YYo ea) = 
" a b2 ce 2 a b2 Ce 


31. Show that every tangent plane to the graph of 27 = x* + y* 
passes through the origin. 
32. Show that the sum of the x-, y-, and z-intercepts of every 


tangent plane to the graph of Vx + Vy +Vz= Va, 
a > 0, is the number a. 


In Problems 33 and 34, find parametric equations for the normal 
line at the indicated point. In Problems 35 and 36, find symmet- 
ric equations for the normal line. 

33. x7 4+ 2y4+2=4; (1,-1,1) 

34. z= 2x? — 4y’; G, —2, 2) 

35. <= 4x2 + Oy + 1; (5, 4,3) 

36. x7 +y’—- 2 =0; (3,4,5) 

37. Show that every normal line to the graph x? + y? + 2 =a 
passes through the origin. 

38. Two surfaces are said to be orthogonal at a point P of inter- 
section if their normal lines at P are orthogonal. Prove that 
the surfaces given by F(x, y, z) = 0 and G(x, y, z) = 0 are 
orthogonal at P if and only if FG, + FG, + F.G, = 0. 


2 


In Problems 39 and 40, use the result of Problem 38 to show that 
the given surfaces are orthogonal at a point of intersection. 

99. x? +y4+7=25; -x?+y+27=0 

40. x° — y +2=4;7= Ixy? 


97 Curl and Divergence 


INTRODUCTION In Section 9.1 we introduced the concept of vector function of one variable. 
In this section we examine vector functions of two and three variables. 


Hi Vector Fields Vector functions of two and three variables, 


F(x, y) = P@, y)i+ OG, y)j 


F(x, y, z) = P@, y, Di+ OG, y, 2j + RG, y, 2k 
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are also called vector fields. For example, the motion of a wind or a fluid can be described by 
means of a velocity field because a vector can be assigned at each point representing the veloc- 
ity of a particle at the point. See FIGURE 9.7.1(a) and 9.7.1(b). The concept of a force field plays 
an important role in mechanics, electricity, and magnetism. See Figure 9.7.1(c) and 9.7.1(d). 


re N y 
AA? 
“£ 
ee Na 
<_ < 
SE oad eens 
———— "TA . 
L_—— q f kv ¥ 
4, 
(a) Airflow around an airplane (b) Laminar flow of blood (c) Inverse square force (d) Lines of force around 
wing in an artery; cylindrical field; magnitude two equal positive charges 
layers of blood flow of the attractive 
faster near the center force is large near 
of the artery the particle 


FIGURE 9.7.1 Various vector fields 


Two-Dimensional Vector Field 
Graph the two-dimensional vector field F(x, y) = —yi + xj. 


SOLUTION One manner of proceeding is simply to choose points in the xy-plane and then graph 
the vector F at that point. For example, at (1, 1) we would draw the vector F(1, 1) = —i+ j. 
For the given vector field it is possible to systematically draw vectors of the same length. 


Observe that || Fl] = Vx? + y’, and so vectors of the same length k must lie along the curve 


defined by Vx? + y? = k; that is, at any point on the circle x* + y* = k’ a vector would 
have length k. For simplicity let us choose circles that have some points on them with integer 


coordinates. For example, for k = 1, k = ‘79. and k = 2, we have: 


Be 
x? + y? = 1: At the points (1, 0), (0, 1), (—1, 0), (0, — 1) the corresponding vectors 
j, —i, —j, i have the same length 1. 
- x + y? = 2: At the points (1, 1), (—1, 1), (—1, —1), (1, —1) the corresponding 
: vectors —i + j, —i — j,i — j,i + j have the same length A/2. 
x? + y? = 4: At the points (2, 0), (0, 2), (—2, 0), (0, —2) the corresponding vectors 
2j, —2i, —2j, 2i have the same length 2. 
FIGURE 9.7.2 Vector field in Example 1 The vectors at these points are shown in FIGURE 9.7.2. = 


In Section 9.5 we saw that the del operator 


combined with a scalar function (x, y, z) produces a vector field 


0 0 0 
F(x, y, z) = Vd = ei + Pig Qs 


called the gradient of @ or a gradient field. The del operator can also be combined with a vector 
field F(x, y, z) = P(x, y, z)i + QO, y, 2 j + R(x, y, z)k in two different ways: in one case produc- 
ing another vector field and in the other producing a scalar function. We will assume hereafter 
that P, Q, and R have continuous partial derivatives. 
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FIGURE 9.7.3 Fluid flow through element 


of area AS 


x 


FIGURE 9.7.4 What is total flux of vector 


field through this element? 
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Definition 9.7.1 Curl 


The curl of a vector field F = Pi + Qj + Rk is the vector field 
oR 9a oP OR 0 oP 
nai = (#22), (2% M8), (222) 
oy OZ 4 Ox Ox oy 


In practice, curl F can be computed from the cross product of the del operator and the 
vector F: 


j k 
0 0 0 
culF=VxXF= : (1) 
ox ody az 
P Q oR 


There is another combination of partial derivatives of the component functions of a vector field 
that occurs frequently in science and engineering. Before we state the next definition, consider 
the following motivation. 

If F(x, y, z) = PQ, y, 2i+ OC, y, 2j + RG, y, z)k is the velocity field of a fluid, then as 
shown in FIGURE 9.7.3, the volume of the fluid flowing through an element of surface area AS 
per unit time—that is, the flux of the vector field F through the area AS—is approximated by 


(height)(area of base) = (comp, F) AS = (F - n) AS, (2) 


where nis a unit vector normal to the surface. Now consider the rectangular parallelepiped shown 
in FIGURE 9.7.4. To compute the total flux of F through its six sides in the outward direction we 
first compute the total flux out of parallel faces. The area of face F’, is Ax Az and its outward unit 
normal is —j, and so by (2) the flux of F through F; is approximately 


F - (—j) Ax Az = —QQ, y, z) Ax Az. 
The flux out of face F, whose outward normal is j, is approximated by 
(F - j) Ax Az = Q(x, y + Ay, z) Ax Az. 
Consequently the total flux out of these parallel faces is 
O(x, y + Ay, z) Ax Az + (—Q(, y, z) Ax Az) = [OG, y + Ay, 2) — OG y, 2d] Ax Az (3) 


By multiplying (3) by Ay/Ay and recalling the definition of a partial derivative, we get for 
Ay close to 0, 


OG, 9 > Aye) — 00,92) 
Ay 


0 
Ax Ay Az = ve Ax Ay Az. 
y 


Arguing in exactly the same manner, we see that the contributions to the total flux out of the 
parallelepiped from the two faces parallel to the yz-plane, and from the two faces parallel to the 
xy-plane, are, in turn, 


oP OR 
— Ax Ay Az and — Ax Ay Az. 
Ox Oz 


Adding the results, we see that the net flux of F out of the parallelepiped is approximately 


oP Cd) oR 
(2 aun 2) acay ac 
Ox oy Oz 
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By dividing the last expression by Ax Ay Az, we get the outward flux of F per unit volume: 


oP dQ. OR 
ro oe 
Ox dy Oz 


It is this combination of partial derivatives that is given a special name. 


Definition 9.7.2 Divergence 
The divergence of a vector field F = Pi + Qj + Rk is the scalar function 


aP a aR 
oe 


div F = : 
Ox dy Oz 


Observe that div F can also be written in terms of the del operator as 


a F) a 
divF = V-F=— Pa, y,z) + — O(, y, 2) + — RG, y, 2). (4) 
Ox oy Oz 


| EXAMPLE2 | Curl and Divergence 


If F = (xy? — z4)i + 4x°y’z j — y*e®k, find (a) curl F, (b) div F, and (c) div(curl F). 


SOLUTION (a) From (1), 


i j k 
6) 0 0 
curl F = V X F= — — 
Ox oy Oz 


= (-4y'2o — 4° y)i — 4275 + (20x4y’z — 32’y*)k. 
(b) From (4), 
. 0 23_ 24 a 5,2 a 4,6 
divF=V-F=—(Q‘*y - 27) + — 4x’y2) + —(-y'2’) 
Ox dy 0z 
= Ixy? + &x°yz — by*z°. 
(c) From Definition 9.7.2 and part (a) we find 
: a 3.6 5,2 a 3 a 42 2,2 
div(curl F) = — (—4y°2? — 4x°y*) + — (—4z°) + — (20x"y°z — 3x*y*) 
Ox oy 0z 
= 0 — 20x*y? + 0 + 20x4y? = 0. = 


We ask you to prove the following two important properties. If fis a scalar function with 
continuous second partial derivatives, then 


curl(grad f) = V X Vf = 0. (5) 
Also, if F is a vector field having continuous second partial derivatives, then 
div(curl F) = V - (V X F) = 0. (6) 


See part (c) of Example 2 and Problems 29 and 30 in Exercises 9.7. 
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FIGURE 9.7.5 Paddle device 


(a) div F(P) > 0; P a source 


(b) div F(P) < 0; Pa sink 


FIGURE 9.7.7 P a source in (a); Pa sink 
in (b) 


I Physical Interpretations The word curl was introduced by James Clerk Maxwell 
(1831-1879), a Scottish physicist, in his studies of electromagnetic fields. However, the curl 
is easily understood in connection with the flow of fluids. If a paddle device, such as shown 
in FIGURE 9.7.5, is inserted in a flowing fluid, then the curl of the velocity field F is a measure 
of the tendency of the fluid to turn the device about its vertical axis w. If curl F = 0, then the 
flow of the fluid is said to be irrotational, which means that it is free of vortices or whirlpools 
that would cause the paddle to rotate.* In FIGURE 9.7.6 the axis w of the paddle points straight 
out of the page. 


= “oO = Se 


A A A A B 
> X;> X3> xe — Ke 
—= 
—> ~O ~O =. 
<> 
(a) Irrotational flow (b) Rotational flow 


FIGURE 9.7.6 Irrotational flow in (a); rotational flow in (b) 


In the motivational discussion leading to Definition 9.7.2 we saw that the divergence of a 
velocity field F near a point P(x, y, z) is the flux per unit volume. If div F(P) > 0, then P is said 
to be a source for F, since there is a net outward flow of fluid near P; if div F(P) < 0, then P is 
said to be a sink for F, since there is a net inward flow of fluid near P; if div F(P) = 0, there are 
no sources or sinks near P. See FIGURE 9.7.7. 

The divergence of a vector field can also be interpreted as a measure of the rate of change of 
the density of the fluid at a point. In other words, div F is a measure of the fluid’s compressibility. 
If V - F = 0, the fluid is said to be incompressible. In electromagnetic theory, if V - F = 0, the 
vector field F is said to be solenoidal. 


*In science texts the word rotation is sometimes used instead of curl. The symbol curl F is then replaced 
by rot F. 
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In Problems 1-6, graph some representative vectors in the given 12. F(x, y,z) =5yit+ Gxey? — xy)j — yz — xz)k 


vector field. 


1. Fo, y) =xit+ yj 


2. F(x, y) = —xi t+ yj 
3. F(x, y) = yit xj 
4. F(x, y) = xi + 2yj 
5. FQ, y) = yj 

6. F(x, y) = xj 


In Problems 7—16, find the curl and the divergence of the given 


vector field. 


7. FQ, y, z) = xzit+ yzj + xyk 


13. F(x, y, z) = xe “i+ 4y2j + 3ye*k 

14. F(x, y, 2) = yzInxi + (2x — 3yz)j + xy’2?k 
15. F(x, y, 2) = xye*i — xyze*j + xy’e’k 

16. F(x, y, z) = x’ sin yzi + zcos xz*7j + yek 


In Problems 17-24, let a be a constant vector and r = xi + yj + zk. 
Verify the given identity. 

17. divr =3 

18. curlr = 0 

19. (aX V)Xr=-—2a 

20. V X (aX r)=2a 


. F(x, y, z) = 10yzi + 2x2zj + 6x°k 

. F(x, y, 2) = 4xyi + (2x? + 2yz)j + B22 + y)k 
. F(x, y, 2) = (x — yPit ej + xyek 

. FQ y, 2) = 3x’yi t+ 2x7 j + y'k 
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21. V-(aXr)=0 

22, aX (V Xr)=0 

23. V X [(r- r)a] = 2(r X a) 
24. V-[(r-r)a] = 2(r- a) 


In 
of 


34. 


35. 


36. 


37. 


38. 


39. 


40. 


Problems 25-32, verify the given identity. Assume continuity 
all partial derivatives. 

. V-(F+G)=V:-F+V:-G 

. VX(F+G=VXF+VXG 
_V-(fR =f F)+F- Vf 

. VX (fF) =f(V X F) + (Vf) X F 

. curl(grad f) = 0 

. div(curl F) = 0 

. div(F X G) = G- curl F — F- curl G 
. curl(curl F + grad f) = curl(curl F) 

. Show that 


rf rf af 
V-Vf=—a + + —, 
f ax? ay’ az 


This is known as the Laplacian and is also written V*f. 

Show that V- (f Vf) =f Vf + ||Vfl|*, where Vf is the 

Laplacian defined in Problem 33. [Hint: See Problem 27.] 

Find curl(curl F) for the vector field F = xyi + 4yz’j + 

2xzk. 

(a) Assuming continuity of all partial derivatives, show that 
curl(curl F) = —V°F + grad(div F), where 


WF = V(Pi+ Oj + Rk) = VPi+ VOj+ VRk. 


(b) Use the identity in part (a) to obtain the result in 
Problem 35. 

Any scalar function f for which Vf = 0 is said to be harmonic. 

Verify that f(x, y, z) = (@? + y? + 2)!” is harmonic except 

at the origin. Vf = 0 is called Laplace’s equation. 

Verify that 


2 5 5 
F(x, y) = arctan Oe. , x +yFl 


satisfies Laplace’s equation in two variables 


a a 
Vf= _ + “ = 0. 
y 


Let r = xi + yj + zk be the position vector of a mass m, 
and let the mass m, be located at the origin. If the force of 
gravitational attraction is 


Gm,m, 
= r, 
r||° 


verify that curl F = 0 and div F = 0,r # 0. 

Suppose a body rotates with a constant angular velocity w 
about an axis. If ris the position vector of a point P on the body 
measured from the origin, then the linear velocity vector v of 
rotation is Vv = @ X r. See FIGURE 9.7.8. If r = xi + yj + zk 
and w = w,i + w)j + @;k, show that w = $ curl v. 


FIGURE 9.7.8 Rotating body in Problem 40 


In Problems 41 and 42, assume that fand g have continuous 
second partial derivatives. Show that the given vector field is 
solenoidal. [Hint: See Problem 31.] 

mM. F=Vfx Veg 

42. F = Vf X (fVg) 


43. The velocity vector field for the two-dimensional flow of an 


ideal fluid around a cylinder is given by 


xy \. 
F(x, y) ~a|(1 _ oe z i 


for some positive constant A. See FIGURE 9.7.9. 


_ 2xy i 
(x? + oy 


(a) Show that when the point (x, y) is far from the origin, 


F(x, y) ~ Ai. 
(b) Show that F is irrotational. 
(c) Show that F is incompressible. 


FIGURE 9.7.9 Vector field in Problem 43 


44. IfE = Ea, y, z, tf) and H = HQ, y, z, f) represent electric and 
magnetic fields in empty space, then Maxwell’s equations 


are 
. 10H 
divE=0, curlE = ——-—_, 
Cc ot 
; loE 
divH=0, curlH = —-—, 
Cc ot 


where c is the speed of light. Use the identity in Problem 36(a) 


to show that E and H satisfy 


? 1 7°H 
VE=—~—, VH=~—. 
c C or 


45. Consider the vector field F = x’yzi — xy’zj + (z + 5x)k. 


Explain why F is not the curl of another vector field G. 
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C B 
2 
A 
A 
(a) Smooth (b) Piecewise- 
curve smooth curve 
A=B 
A=B 
(c) Closed (d) Simple 
but not closed 
simple curve 


FIGURE 9.8.1 Various curves 


A=Xy<X] <A <0 <p <X_Z=H 


a=Xy XX) Xe-1 Xx X,=b 
(a) 
XK 
(Pf ey ad 
[ele th ie 
a=Xo Xx —1 Xe X,=b 
(b) 


FIGURE 9.8.2 Sample point in kth 
subinterval 


Ay, 


FIGURE 9.8.3 Sample point in kth subarc 
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j98| Line Integrals 


INTRODUCTION The notion of the definite integral {? f(x) dx; that is, integration of a 
function defined over an interval, can be generalized to integration of a function defined along 
a curve. To this end we need to introduce some terminology about curves. 


Hi Terminology Suppose C is a curve parameterized by x = f(), y = g(),a=t=b,andA 
and B are the points (f(a), g(a)) and ( f), g(b)), respectively. We say that 
(i) Cis asmooth curve if f’ and g’ are continuous on the closed interval [a, b] and not 
simultaneously zero on the open interval (a, b). 
(ii) C is piecewise smooth if it consists of a finite number of smooth curves 
C;, Cy, ..., C, joined end to end—that is, C= C,; UC, U-:-UC,. 
(iii) Cis a closed curve if A = B. 
(iv) Cis a simple closed curve if A = B and the curve does not cross itself. 
(v) If Cis not aclosed curve, then the positive direction on C is the direction corresponding 
to increasing values of t. 


FIGURE 9.8.1 illustrates each type of curve defined in (i)—(iv). 

This same terminology carries over in a natural manner to curves in space. For example, a 
curve C defined by x = f(t), y = g(t), z = h(t), a=t Sb, is smooth if f’, g’, and h’ are continu- 
ous on [a, b] and not simultaneously zero on (a, b). 


[| Definite Integral Before defining integration along a curve, let us review the five steps 
leading to the definition of the definite integral. 
1. Let y = f(x) be defined on a closed interval [a, b]. 
2. Partition the interval [a, b] into n subintervals [x,_,, x,] of lengths Ax, = x, — 
denote the partition shown in FIGURE 9.8.2(a). 
3. Let || P|| be the length of the longest subinterval. The number || P|| is called the norm of the 
partition P. 
4. Choose a sample point x, in each subinterval. See Figure 9.8.2(b). 


x,-,. Let P 


5. Form the sum >) f(x,)Ax. 
k=1 


The definite integral of a function of a single variable is given by the limit of a sum: 


i f(x)dx = lim > FO AR 


|P|>9 ¢= 


]| Line Integrals in the Plane The following analogous five steps lead to the definitions 
of three line integrals* in the plane. 
1. Let z = G(x, y) be defined in some region that contains the smooth curve C 
defined by x = f(Q, y = g(),aS=t=b. 
2. Divide C into n subarcs of lengths As, according to the partition 
a= <t)<t)<--- <t, =b of [a, b]. Let the projection of each subarc 
onto the x- and y-axes have lengths Ax, and Ay,, respectively. 
3. Let ||P|| be the norm of the partition or the length of the longest subarc. 
4. Choose a sample point (x;, y,) on each subarc. See FIGURE 9.8.3. 
Form the sums 


od 


DGeu vi) An DYGGp yo Ayn DGGp ve) Asp 
k=1 k=1 k=1 


*An unfortunate choice of names. Curve integrals would be more appropriate. 
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Definition 9.8.1 Line Integrals in the Plane 


Let G be a function of two variables x and y defined on a region of the plane containing 
a smooth curve C. 


(i) The line integral of G along C from A to B with respect to x is 


| G(x, y) dx = lim SG, yy) Ax. 
ee 


|Pl>0 ¢=1 


(ii) The line integral of G along C from A to B with respect to y is 
| Gx, y) dy = lim S Gj, ye) Ay. 
c |Pl>0 ¢=1 
(iii) The line integral of G along C from A to B with respect to arc length is 


| G(x, y) ds = lim >) G(x, yp) Asy. 
C 30 k=1 


Lal 


It can be proved that if G(x, y) is continuous on C, then the integrals defined in (i), (ii), and 
(iii) exist. We shall assume continuity of G as a matter of course. 


I| Method of Evaluation—Curve Defined Parametrically The line integrals in 
Definition 9.8.1 can be evaluated in two ways, depending on whether the curve C is defined 
parametrically or by an explicit function. In either case the basic idea is to convert the line inte- 
gral to a definite integral in a single variable. If C is a smooth curve parameterized by x = f(A), 
y = g(t), a =t <b, then we simply replace x and y in the integral by the functions f(¢) and g(A), 
and the appropriate differential dx, dy, or ds by f"(1) dt, g'(t) dt, or VI f'®) + [e'®/ dt. The 


expression ds = V[f'() 2 + [2’()F dtis called the differential of arc length. The integration 
is carried out with respect to the variable ¢ in the usual manner: 


b 
| Go, y)dx = | GF, gO) f'O dt (1) 
c a 

b 
| Go. y) dy = | G( f(D), g() g(t) dt (2) 
(33 a 

b 
| Go. y) ds = | GO, O)VLF'OP + [e'OF at. (3) 
Cc a 


# | EXAMPLE1 | Evaluation of Line Integrals 


Evaluate (a) fc xy’ dx, (b) fc xy’ dy, and (¢) J xy” ds on the quarter-circle C defined by 
x=4cost,y =4sin¢,0 =t S 77/2. See FIGURE 9.8.4. 


SOLUTION (a) From (1), 


: y dx 
t t t x 7/2 —~~ --*—- —_“n~ 
(4,0)t=0 | ay’ dx = | (4 cos f)(16 sin® 1)(—4 sin f df) 
Cc 0 
FIGURE 9.8.4 Curve C in Example 1 
7/2 
= -256| sin’ t cos ¢ dt 
0 
1 1/2 
= —256|—sin‘t = —64 
4 0 


9.8 Line Integrals | 517 


518 


(b) From (2), 
x y dy 
Gira OS ea 
|? dy = | (4 cos £)(16 sin? 1)(4 cos t dt) 
c 


0 


a/2 
= 256 sin’ t cos? t dt 
0 


7/2 
256 | ry sin? 2t dt < trigonometric identities 
0 


m/24 
= 64 —(1 — cos 4f) dt 
0 2 


i 1/2 
= 32} t — —sin 4t = 167. 
4 0 
(c) From (3), 
x y ds 
“eo FO - = 
| xy’ ds = | (4 cos £)(16 sin? t)\V16(cos?t + sin?s) dt 
C 0 
1/2 
= 256 sin’ t cos t dt 
0 
1 ne 256 
es 256| 1 sin ] =——_—. = 
3 0 3 


I| Method of Evaluation—Curve Defined by an Explicit Function If the curve 
C is defined by an explicit function y = f(x), a = x = b, we can use x as a parameter. With dy = 


f'(x) dx and ds = V1 + [f'(x)]? dx, the foregoing line integrals become, in turn, 


b 


| G(x, y) dx = | G(x, f(x)) dx (4) 
(a a 


b 


| ce. y)dy = | G(x, f(x) fa) dx (5) 
Cc a 


b 
| 60. y) ds = | G(x, fi) V1 + [f'@) dx. (6) 
iC a 


A line integral along a piecewise-smooth curve C is defined as the sum of the integrals over 
the various smooth curves whose union comprises C. For example, if C is composed of smooth 
curves C, and C;, then 


| 60. y) ds = | G(x, y) ds + | G(x, y) ds. 
Cc. C, Cc, 


[| Notation In many applications, line integrals appear as a sum 


| P(x, y) dx + | Q(x, y) dy. 
Cc Gc 


It is common practice to write this sum as one integral without parentheses as 


| P(x, y) dx + Q(x, y) dy or simply | Pdx + Qdy. (7) 
Cc c 
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A line integral along a closed curve C is very often denoted by 


$Pax + Qdy. 
Cc 


| EXAMPLE2 | Curve Defined by an Explicit Function 


Evaluate f¢xy dx + x° dy, where C is given by y= x°, -l1 Sx <2. 


7 (2, 8) 
7 SOLUTION The curve C is illustrated in FIGURE 9.8.5 and is defined by the explicit function 
ah y = x°. Hence we can use x as the parameter. Using dy = 3x° dx, we get 
L fe ? dy 
i, oa dae nee: 
L [xo dx + x? dy = | x(x3) dx + x?(3x? dx) 
Cc -1 
iF 2 
L = | Ax* dx 
(-1, -1) = 
FIGURE 9.8.5 Curve C in Example 2 = as of _ 132 = 
5 Jy <a > 


| EXAMPLE3 | Curve Defined Parametrically 


Evaluate ¢ x dx, where C is the circle x = cost, y = sint,0 =t< 27. 
C 


SOLUTION From (1), 


20 2a 
‘ ie 1 
$ xac= | cos t(— sin t dt) = —cos j =-[1-1]=0. 
fa 0 2 0 2 


| EXAMPLE4 | Closed Curve 


Evaluate ¢ y dx — x° dy on the closed curve C that is shown in FIGURE 9.8.6(a). 
Cc 


SOLUTION Since C is piecewise smooth, we express the integral as a sum of integrals. 
Symbolically, we write 


(a) where C,, C, and C; are the curves shown in Figure 9.8.6(b). On C;, we use x as a parameter. 
Since y = 0, dy = 0; therefore, 
2 


| par- a= [oa - 7 = 0. 
Cc 


0 


On C,, we use y as a parameter. From x = 2, dx = 0, we have 


4 
[ra —x?dy= [xo — 4dy 
C, 0 


4 4 
(0, 0) (2, 0) Z = | a= ‘| = -16. 
(b) 0 0 
Finally, on C3, we again use x as a parameter. From y = x’, we get dy = 2x dx and so 

FIGURE 9.8.6 Curve C in Example 4 A 
| y? dx — x? dy = | x4 dx — x?(2x dx) 
C3 


2 
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= A 


FIGURE 9.8.7 Curves with opposite 
orientation 


0 
= | (x? — 2x3) dx 
2 


7 , 8 72 _ 
Hence, ydx—-xdy=0- 16+ —-—= -—. = 
Cc 5 5 

It is important to be aware that a line integral is independent of the parameterization of the 
curve C provided C is given the same orientation by all sets of parametric equations defining the 
curve. See Problem 37 in Exercises 9.8. Also, recall for definite integrals that J% f(x) dx = 
—J? f(x) dx. Line integrals possess a similar property. Suppose, as shown in FIGURE 9.8.7, that —C 
denotes the curve having the opposite orientation of C. Then it can be shown that 


| Pdx + Qdy = -| pax + Qdy, 

-c cc 

or equivalently, 
| pa + oa + [part od =o. (8) 
-C c 

For example, in part (a) of Example 1, f_¢ xy’ dx = 64. 


I Line Integrals in Space Line integrals of a function G of three variables, G(x, y, 2) dx, 
Sc Gx, y, z) dy, and f¢ G(x, y, z) ds, are defined in a manner analogous to Definition 9.8.1. 
However, to that list we add a fourth line integral along a space curve C with respect to z: 


n 


| 60. y,z)dz = lim S'Gxy, Ye Ze) Az. (9) 
Cc 


PO K=] 


I| Method of Evaluation If C is a smooth curve in 3-space defined by the parametric 
equations x = f(), y = g(0), z = A(), a = t = b, then the integral in (9) can be evaluated by using 
b 


| G(x, y, z) dz = | Gf), g(t), AD) h(t) dt. 
Cc a 


The integrals [ G(x, y, z) dx and J G(x, y, z) dy are evaluated in a similar fashion. The line 
integral with respect to arc length is 


b 
| 6. y, Z) ds = | GSO, SO. MOVE FOP + [g'OP + [AP ae. 
Cc 


a 


As in (7), in 3-space we are often concerned with line integrals in the form of a sum: 


| P(x, y, 2) dx + Q(x, y, z) dy + RG, y, z) dz. 
Cc 


| EXAMPLES | Line Integral on a Curve in 3-Space 


Evaluate fc y dx + x dy + zdz, where C is the helix x = 2 cost, y =2sint,z=1,0 StS 27. 


SOLUTION Substituting the expressions for x, y, and z along with dx = —2 sin t dt, dy = 
2 cost dt, dz = dt, we get 


2a 
[part xdy + rae=| (—4 sin? t + 4 cos’ #) dt + tdt 
ee cacanaaeeiy eeaeaaay 


c 
double angle formula 


27 
-| (4 cos 2t + f) dt 
0 


t2 27 
= (2 sin 2t + )| = 27’. = 
2/ Jo 
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& 


(b) 


FIGURE 9.8.8 Force field F varies along 
curve C 


We can use the concept of a vector function of several variables to write a general line integral in 
a compact fashion. For example, suppose the vector-valued function F(x, y) = P(x, y)i + QQ, y)j 
is defined along a curve C: x = f(t), y = g(t), a St Sb, and suppose r(t) = f(Ni + g(fj is the 
position vector of points on C. Then the derivative of r(¢), 


dr dx dy 
aspen Mit ! ;—- —“j4+-j 
a f'OIF gOj a ee 


d 
prompts us to define dr = S dt = dxi + dyj. Since F(x, y) - dr = P(x, y) dx + Q(x, y) dy 
we can write ! 


| pew dx + tx ay =| Fae. (10) 
c c 
Similarly, for a line integral on a space curve, 

| Pox y, z) dx + O(x, y, z) dy + R(, y, z) dz = jr - dr, (11) 
where F(x, y, z) = P(x, y, z)i + Q(x, y, z)j + RG, y, z)k and dr = dxi + dyj + dzk. 


Hi Work In Section 7.3 we saw that the work W done by a constant force F that causes a 
straight-line displacement d of an object is W = F - d. In beginning courses in calculus or phys- 
ics it is then shown that the work done in moving an object from x = a to x = b by a force F(x), 
which varies in magnitude but not in direction, is given by the definite integral W = [? F(x) dx. 
In general, a force field F(x, y) = P(x, y)i + Q(x, y)j acting at each point on a smooth curve 
C:x =f), y = g(), a =t = dD, varies in both magnitude and direction. See FIGURE 9.8.8(a). If A 
and B are the points ( f(a), g(a)) and (f(b), g(b)), respectively, we ask: What is the work done 
by F as its point of application moves along C from A to B? To answer this question, suppose C 
is divided into n subarcs of lengths A s,. On each subare F(x;, y,) is a constant force. If, as shown 
in Figure 9.8.8(b), the length of the vector Ar, = (4 — x,-))i + O, — y,-pj = And + Ay,Jj is 
an approximation to the length of the kth subarc, then the approximate work done by F over the 
subarc is 


(|[FOx;, ¥—)|| cos 8) || Ax;|| = Fz, »)° Ar; 
= Pi, By) Ax, + Ox; ye Ay,. 


By summing these elements of work and passing to the limit, we naturally define the work done 
by F along C as the line integral 


W= | Possyae + Ox, y)dy or W= [ Fear, (12) 
Cc Cc 


Of course, (12) extends to force fields acting at points on a space curve. In this case, work fF - dr 
is defined as in (11). 


. dr drds 
Now, since —_— =—-—, 
dt ds dt 


we let dr = T ds, where T = dr/ds is a unit tangent to C. Hence, 


w= |P-ae=[-Tas= | comprPas (13) 
C C c 


In other words: 


The work done by a force F along a curve C is due entirely to the tangential component of F. 
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y Work Done by a Force 


F Find the work done by (a) F = xi + yj and (b) F = } i + 5 j along the curve C traced by 
r(f) = cos ti + sin tj from t = Otot = 7. 


SOLUTION (a) The vector function r(t) gives the parametric equations x = cos f, y = sin ¢, 
c 0 <t <7, which we recognize as a half-circle. As seen in FIGURE 9.8.9, the force field F is 
perpendicular to C at every point. Since the tangential components of F are zero, the work 
done along C is zero. To see this we use (12): 


FIGURE 9.8.9 Force field in (a) of = _ : : 
Example 6 v= le ott yD) ‘dr 


= | (cos ti + sintj) - (—sin ti + cos tj) dt 
0 


y 
F T 
= | (—cos tsint + sin tcos f) dt = 0. 
0 
Cc (b) In FIGURE 9.8.10 the vectors in red are the projections of F on the unit tangent vectors. The 
x work done by F is 
De, Aes 
FIGURE 9.8.10 Force field in (b) of We | Bede |)? ad) ae 
Cc c 


Example 6 


“73 1 
= | (3: + i) -( sinti + costj) dt 
-['(-3s oie ‘a 

; Faas 5 60S 
= |—cost + —sint =- >. 

4 2 0 2 


The units of work depend on the units of ||F|| and on the units of distance. = 


FIGURE 9.8.11 Does the velocity field 


? é 
ee ave Hi Circulation A line integral of a vector field F around a simple closed curve C is said to 


be the circulation of F around C; that is, 


circulation = ¢ F- dr = ¢ F-T ds. 
Cc c 


y 
In particular, if F is the velocity field of a fluid, then the circulation is a measure of the amount 
C by which the fluid tends to turn the curve C by rotating, or circulating, around it. For example, if 
f ae yi) F is perpendicular to T for every (x, y) on C, then J F - T ds = 0, and the curve does not move 
at all. On the other hand, fF - T ds > 0 and fF - T ds < 0 mean that the fluid tends to rotate C 
As, Noe, yi) in the counterclockwise and clockwise directions, respectively. See FIGURE 9.8.11. 
(a) Vertical rectangle 
z REMARKS 
y In the case of two variables, the line integral with respect to arc length J- G(x, y) ds can be 


interpreted in a geometric manner when G(x, y) = 0 on C. In Definition 9.8.1 the symbol As, 
represents the length of the kth subarc on the curve C. But from Figure 9.8.3 accompanying 


* Cc that definition, we have the approximation As, = V (Ax,)* + (Ay,)*. With this interpreta- 
tion of As, we see from FIGURE 9.8.12(a) that the product G(x;, y,) As, is the area of a vertical 
rectangle of height G(x;, y,) and width As,. The integral G(x, y) ds then represents the area 
of one side of a “fence” or “curtain” extending from the curve C in the xy-plane up to the 
FIGURE 9.8.12 A geometric interpretation graph of G(x, y) that corresponds to points (x, y) on C. See Figure 9.8.12(b). 

of a line integral 


(b) “Fence” or “curtain” of varying 
height G(x, y) with base C 
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In Problems 1-4, evaluate [- G(x, y) dx, Jo G(x, y) dy, and 
Sc Gx, y) ds on the indicated curve C. 
1. GQ, y) = 2xy;3x =Scost,y =S5sinz,0 Sts 7/4 
2. G(x, y) Het 2xy? + 2x;x = 2t,y = ?r,o<t<1 
3. G(x, y) = 3x + 6y; y= 2x +: 1,-1=x=0 
4. GQ, y) = rly; 2y = 3°77 1<x<8 
In Problems 5 and 6, evaluate J. G(x, y, z) dx, Jo G(x, y, z) dy, 
Sc GO y, z) dz, and J G(x, y, z) ds on the indicated curve C. 
5. GO, y,z7)= Ux =cost,y=sint,z=t,0Stsa/2 
6 Gx, y,2) = 43x =50,y =07,2=2405t=1 


In Problems 7-10, evaluate f; (2x + y) dx + xy dy on the given 
curve C between (—1, 2) and (2, 5). 
7 y=xt3 8 y=xr+1 


9. 10. 
2 (2, 5) . (2,5) 


(-1, 0) (2, 0) 


FIGURE 9.8.14 Curve C for 
Problem 10 


FIGURE 9.8.13 Curve C for 
Problem 9 


In Problems 11-14, evaluate f. y dx + x dy on the given curve C 

between (0, 0) and (1, 1). 

WNW. y =x? 12. y=x 

13. C consists of the line segments from (0, 0) to (0, 1) and from 
(0, 1) to, 1). 

14. Cconsists of the line segments from (0, 0) to (1, 0) and from 
(1, 0) to, 1). 

15. Evaluate fc (6x* + 2y”) dx + 4xy dy, where C is given by 
x= Vty=t4<t<9. 

16. Evaluate { —y” dx + xy dy, where C is given by x = 21, 
¢=7 0S7=72, 

17. Evaluate fo 2x*y dx + (3x + y) dy, where C is given by 
x = y from (1, —1) to (1, 1). 

18. Evaluate fc. 4x dx + 2y dy, where C is given by x = y' + 1 
from (0, —1) to (9, 2). 


In Problems 19 and 20, evaluate ¢. (x? + y’) dx — 2xy dy on the 
given closed curve C. 


19. 


FIGURE 9.8.15 Closed curve C for Problem 19 


Answers to selected odd-numbered problems begin on page ANS-23. 


20. 


FIGURE 9.8.16 Closed curve C for Problem 20 
In Problems 21 and 22, evaluate ¢,, x*y* dx — xy” dy on the 


given closed curve C. 
21. 22. y 


(2, 4) 
C1, ) (1, 1) 


(-1, -1) (1, -1) x 


FIGURE 9.8.17 Closed curve FIGURE 9.8.18 Closed curve 
C for Problem 21 C for Problem 22 


23. Evaluate ¢. (x° — y°) ds, where C is given by 
x=Scost, y=Ssint, 0St<27. 
24. Evaluate f_~y dx — x dy, where C is given by 


x=2cost, y=3sint, 0OSt<7. 


In Problems 25-28, evaluate fc. y dx + zdy + x dz on the given 

curve C between (0, 0, 0) and (6, 8, 5). 

25. C consists of the line segments from (0, 0, 0) to (2, 3, 4) and 
from (2, 3, 4) to (6, 8, 5). 

6. x= 3,y=P,2]2r, 02722 

27. z 


FIGURE 9.8.19 Curve C for Problem 27 
28. Zz 


(6, 8, 0) 


x 


FIGURE 9.8.20 Curve C for Problem 28 
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In Problems 29 and 30, evaluate So F - dr. 


29. 
30. 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


F(x, y) = yi -— x’*yjsr() =e “i+ ej,0<t<in2 

F(x, y, Z) = ei t+ xe? j + xye™k; r(t) = ti + ?j + 2k, 
O0=t=1 

Find the work done by the force F(x, y) = yi + xj acting along 
y = Inx from (1, 0) to (e, 1). 

Find the work done by the force F(x, y) = 2xyi + 4y’j acting 
along the piecewise-smooth curve consisting of the line 
segments from (—2, 2) to (0, 0) and from (0, 0) to (2, 3). 
Find the work done by the force F(x, y) = (x + 2y)i + 
(6y — 2x)j acting counterclockwise once around the triangle 
with vertices (1, 1), (3, 1), and (3, 2). 

Find the work done by the force F(x, y, z) = yzi + xzj + xyk 
acting along the curve given by r(¢) = Pi + fj + tk from 
t=l1tor=3. 

Find the work done by a constant force F(x, y) = ai + bj 
acting counterclockwise once around the circle x7 + y’ = 9. 
In an inverse square force field F = cr/|\r||*, where c is a 
constant andr = xi + yj + zk,* find the work done in moving 
a particle along the line from (1, 1, 1) to (3, 3, 3). 

Verify that the line integral [- y* dx + xy dy has the same value 
on C for each of the following parameterizations: 


40. 


41. 


42. 


1 1 ' 
K(B) — K(A) = 3 m[v(b)]> — 3 m{v(a)}*. 


[Hint: Consider a y= ta v-v.] 

dt dt 
If p(x, y) is the density of a wire (mass per unit length), then 
m = Jc p(x, y) ds is the mass of the wire. Find the mass of a 
wire having the shape of the semicircle x = 1 + cost, y = sint, 
0 =t<=7, if the density at a point P is directly proportional 
to distance from the y-axis. 
The coordinates of the center of mass of a wire with variable 
density are given by x = M,/m, y = M,/m, where 


m= | p(x, y) ds, M,= | ype ds 
c c 
and M, = | x p(x, y) ds. 
Cc 


Find the center of mass of the wire in Problem 40. 

A force field F(x, y) acts at each point on the curve C, which 
is the union of C;, Cy, and C; shown in red in FIGURE 9.8.21. 
||F|| is measured in pounds and distance is measured in feet 


Cx = 2t+1, y =4t + 2, 0O<t<1 using the scale given in the figure. Use the representative 
fp 578 1<t<V3 vectors shown to approximate the work done by F along C. 
Gx=in,  y=2n, este ets I 


Consider the three curves between (0, 0) and (2, 4): 


Cyx=t, y = 21, Osrs2 
Cy x =, v=, 0<r=2 
C3: x = 2t — 4, y=4t- 8, 2st33. 


Show that Sc, xy ds = Sc, xy ds, but Sc, xy ds # Sc, xy ds. 
Explain. 

Assume a smooth curve C is described by the vector function 
r(t) fora = t S b. Let acceleration, velocity, and speed be 
given by a = dv/dt, v = dr/dt, and v = ||v]|, respectively. 
Using Newton’s second law F = ma, show that, in the absence 
of friction, the work done by F in moving a particle of constant 
mass m from point A at t = a to point B at t = b is the same 
as the change in kinetic energy: 


*Note that the magnitude of F is inversely proportional to ||r|}?. 


5 10 


FIGURE 9.8.21 Force field in Problem 42 
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Independence of the Path 


INTRODUCTION In this section we refer to a piecewise-smooth curve C between an initial 
point A and a terminal point B as a path of integration or simply a path. We begin the dis- 
cussion by considering line integrals in 2-space. Recall, in (10) of Section 9.8 we saw that if 
F(x, y) = P(x, y)i + Q(x, y)j is a vector field in 2-space and a path C is defined by the vector 
function r(t) = f(Mi + g(Hj,a < t = b, then a line integral can be written as 


| pac + ody = [ Fae 
Cc Cc 


where dr = dxi + dyj. Generally the value of a line integral [;. F - dr depends on the path of inte- 
gration. Stated another way, if C; and C, are two different paths between the same points A and B, 
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then we expect that J., F - dr # Jc, F - dr. However, there is an important exception. As we see 
in this section, line integrals that involve a certain kind of vector field F depend not on the path C 
but only on the endpoints A = (f(a), g(a)) and B = (f(b), g(b)) of the path. 

Note: To avoid needless repetition we assume throughout that the component functions of 
the vector field F are continuous in some region of 2- or 3-space, its component functions have 
continuous first partial derivatives in the region, and the path C of integration lies entirely in 
the region. 


Path Independence 


The integral fy dx + x dy has the same value on each path C between (0, 0) and (1, 1) shown 
in FIGURE 9.9.1. You may recall from Problems | 1-14 in Exercises 9.8 that on these paths 


| var + xay=1. 
iC 


You are also urged to verify J y dx + x dy = 1 onthe curves y = x°, y = x*, andy = Vx 
between (0, 0) and between (1, 1). The relevance of all this is to suggest that the integral 
Jc. y dx + x dy does not depend on the path joining these two points. We continue this dis- 
cussion in Examples 2 and 3. 


a,b y da, y ad, y a, D) 
y=x2 te 
x x x x 
(b) ) (d) 


(0, 0) (0, 0) (0, 0) (0, 0) 


(a) (c 


FIGURE 9.9.1 Line integral in Example 1 is the same on four paths = 


[| Conservative Vector Fields Before proceeding, we need to introduce a special kind 
of vector field F called a conservative field. 


Definition 9.9.1 Conservative Vector Field 


A vector function F in 2- or 3-space is said to be conservative if F can be written as the 
gradient of a scalar function ¢. The function ¢ is called a potential function for F. 


In other words, F is conservative if there exists a function @ such that F = Vd. A conserva- 
tive vector field is also called a gradient vector field. 


| EXAMPLE2 | Conservative Vector Field 


The integral in Example | can be interpreted as a line integral of a vector field F along a path C. 
If F(x, y) = yi + xj and dr = dxi + dyj, then fo ydx + xdy = J-F-dr. Now consider the 
function (x, y) = xy. The gradient of the scalar function ¢ is 


0 0 
Vie ti” fay: 
Ox oy . 


Because Vd = F(x, y) we conclude that F(x, y) = yi + xj is a conservative vector field and 


that ¢ is a potential function for F. = 
Of course, not every vector field is a conservative field although many vector fields encoun- 


tered in physics are conservative. For present purposes, the importance of conservative vector 
fields will become evident as we continue our study of line integrals. 
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I Path Independence If the value of a line integral is the same for every path in a region 
connecting the initial point A and terminal point B, then the integral is said to be independent 
of the path. In other words, a line integral [. F- dr of F along C is independent of the path if 
Jc, F- dr = Jc, F- dr for any two paths C, and C, between A and B. 


Hi A Fundamental Theorem The next theorem establishes an important relationship 
between the value of a line integral J; F - dr and the fact that its path of integration C lies within 
a conservative vector field F. In addition, it provides a means of evaluating these line integrals 
in a manner that is akin to the Fundamental Theorem of Calculus: 


b 
[rove = f(b) — fa), (1) 


where f(x) is an antiderivative of f’(x). In the next theorem, known as the Fundamental Theorem 
for Line Integrals, the gradient V@ of a scalar function @¢ plays the part of the derivative f’(x) 
in (1). 


Theorem 9.9.1 Fundamental Theorem 


Suppose C is a path in an open region R of the xy-plane and is defined by r(t) = x(f)i + y(Dj, 
a=t<b.IfF@, y) = PQ, y)it+ Q(, y)j is a conservative vector field in R and @ is a potential 
function for F, then 


| F-dr = | Vo- dr = f(B) — $(A), (2) 
(G c 


where A = (x(a), y(a)) and B = (x(b), y(b)). 


PROOF: We will prove the theorem for a smooth path C. Because ¢ is a potential function for F 
we have 


ap, a, 
F = Vo = re es ay 3 


Then using r'(t) = (dx/dt)i + (dy/dt)j we can write the line integral of F along the path C as 


b 
abdx add 
| Fear = | rroa= | (* eee at 
Cc Cc a \ Ox dt dy dt 


In view of the Chain Rule (see (8) in Section 9.4), 


db dddx daddy 


dt ox dt dy dt 


it follows that 


"dd b 
| F-dr = | — at = (1), yO) 
Cc a dt a 


= b(x(b), y(b)) — 6@@), y(a)) 


= b(B) — $(A). 
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(0, 0) 


FIGURE 9.9.2 Piecewise-smooth curve in 
Example 3 


R 


(a) Connected region R 


(b) R is not connected 


G 


se 


(c) Multiply connected region R 


FIGURE 9.9.3 Regions in the plane 


For piecewise-smooth curves, the foregoing proof must be modified by considering each 
smooth arc of the curve C. 

Theorem 9.9.1 shows that if F is a conservative vector field in an open region in 2- or 3-space, 
then fF - dr depends only on the initial and terminal points A and B of the path C, and not on 
C itself. In other words, line integrals of conservative vector fields are independent of the path. 
Such integrals are often written 


B B 
| wed = | var. (3) 


A A 


| EXAMPLE3 | Example 1 Revisited Again 


Evaluate J. ydx + xdy, where C is a path with initial point (0, 0) and terminal point (1, 1). 


SOLUTION The path C shown in FIGURE 9.9.2 represents any piecewise-smooth curve with 
initial and terminal points (0, 0) and (1, 1). We have just seen that F = yi + xj is a conservative 
vector field defined at each point of the xy-plane and that #(x, y) = xy is a potential function 
for F. Thus, in view of (2) of Theorem 9.9.1 and (3), we can write 


d,1) (1,1) 
| var + xay = | Far=| Vd: ar 
Cc ( ( 


0,0) 0,0) 
a1) 
= »| 
(0,0) 
=1-1-0-0=1. = 


In using the Fundamental Theorem of Calculus (1), any antiderivative of f’(x) can be used, 
such as f(x) + K, where K is a constant. Similarly, a potential function for the vector field in 
Example 2 is d(x, y) = xy + K where K is a constant. We may disregard this constant when 
using (2) of Theorem 9.9.1 since 


B 
| F-dr = (f(B) + K) — (P(A) + K) = AB) — H(A). 


A 


I| Some Terminology We say that a region (in the plane or in space) is connected if every 
pair of points A and B in the region can be joined by a piecewise-smooth curve that lies entirely in 
the region. A region R in the plane is simply connected if it is connected and every simple closed 
curve C lying entirely within the region can be shrunk, or contracted, to a point without leaving R. 
The last condition means that if C is any simple closed curve lying entirely in R, then the region 
in the interior of C also lies entirely in R. Roughly put, a simply connected region has no holes 
in it. The region R in FIGURE 9.9.3(a) is a simply connected region. In Figure 9.9.3(b) the region R 
shown is not connected, or disconnected, since A and B cannot be joined by a piecewise-smooth 
curve C that lies in R. The region in Figure 9.9.3(c) is connected but not simply connected because 
it has three holes in it. The representative curve C in the figure surrounds one of the holes, and 
so cannot be shrunk to a point without leaving the region. This last region is said to be multiply 
connected. Lastly, a region R is said to be open if it contains no boundary points. 

In an open connected region R, the notions of path independence and a conservative vector 
field are equivalent. This means: If F is conservative in R, then J. F - dr is independent of the 
path C, and conversely, if fF - dr is independent of the path, then F is conservative. 

We state this formally in the next theorem. 


Theorem 9.9.2 Equivalent Concepts 


In an open connected region R, f- F - dr is independent of the path C if and only if the vector 
field F is conservative in R. 
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(X90, Yo) 


(b) 


FIGURE 9.9.4 Region R in the proof of 
Theorem 9.9.2 


Cy CG 


(a)C=CiUC) =’) C=C, UCC) 


FIGURE 9.9.5 Paths in the proof of 
Theorem 9.9.3 


PROOF: If F is conservative in R, then we have already seen that J. F - dr is independent of the 
path C as a consequence of Theorem 9.9.1. 

For convenience we prove the converse for a region R in the plane. Assume that {¢ F- dr is 
independent of the path in R and that (Xp, yo) and (x, y) are arbitrary points in the region R. Let 
the function #(x, y) be defined as 


(x,y) 


(x, y) =| F -dr, 


(Xo,Yo) 
where C is an arbitrary path in R from (Xp, yo) to (x, y) and F = Pi+ Qj. See FIGURE 9.9.4(a). Now 


choose a point (x;, y), x; # x, so that the line segment from (x, y) to (x, y) is in R. See Figure 
9.9.4(b). Then by path independence we can write 


(x,y) 
F-dr +| F - dr. 


(x,y) 


(x,y) 


f(x,y) = | 


(x0.Yo) 


Now, 


F (x,y) 
fa o+2 Pdx + Qdy 
ax ax (x,y) 


since the first integral does not depend on x. But on the line segment between (x), y) and (x, y), 
y is constant so that dy = 0. Hence, i - Pdx + Qdy = c a P dx. By the derivative form of 


the Fundamental Theorem of Calculus we then have 


FA ay F (x,y) 
—_— = —_ P(x, y)dx = P(x, y). 
Ox Ox (x.y) 


Likewise we can show that d¢/dy = Q(x, y). Hence, from 


0 0 
ve = Pi 4 Fi = pi + OF = Fy) 
Ox oy 


we conclude that F is conservative. = 


Hi Integrals Around Closed Paths Recall from Section 9.8 that a path, or curve, Cis said 
to be closed when its initial point A is the same as the terminal point B. If C is a parametric curve 
defined by a vector function r(f),a = t = b, then C is closed when A = B; that is, r(a) = r(b). 
The next theorem is an immediate consequence of Theorem 9.9.1. 


Theorem 9.9.3 Equivalent Concepts 


Inan open connected region R, {; F - dr is independent of the path if and only if [. F - dr = 0 
for every closed path C in R. 


PROOF: First, we show that if [. F - dr is independent of the path, then f. F - dr = 0 for 
every closed path C in R. To see this let us suppose A and B are any two points on C and that 
C = C, UC,, where C, is a path from A to B and C, is a path from B to A. See FIGURE 9.9.5(a). 
Then 


[e-ae=[e-de+ [par =| rear | F - dr, (4) 
c Cc; C) Cj —C, 


where —C, is now a path from A to B. Because of path independence fc, F : dr = f_¢, F « dr. 
Thus (4) implies that [- F - dr = 0. 
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Next, we prove the converse that if J F - dr = 0 for every closed path C in R, then J, F- dr is 
independent of the path. Let C, and C, represent any two paths from A to B and so C = C; U(—C)) 
is a closed path. See Figure 9.9.5(b). It follows from f. F- dr = 0 or 


o=| Fede=| rear | Fear = | e-dr— | Rode 

Cc Cc, -C, Cc Cy 

that fc, F- dr = Jc, F- dr. Hence f¢ F- dr is independent of the path. = 
Suppose F is a conservative vector field defined over an open connected region and C is 


a closed path lying entirely in the region. When the results of the preceding theorems are put 
together we conclude that: 


F conservative + path independence = | F-dr = 0. (5) 
c 


The symbol < in (5) is read “equivalent to” or “if and only if.” 


]|| Test for a Conservative Field The implications in (5) show that if the line integral 
Jc ¥F- dr is not path independent, then the vector field is not conservative. But there is an easier 
way of determining whether F is conservative. The following theorem is a test for a conserva- 
tive vector field that uses the partial derivatives of the component functions of F = Pi + Qj. 


Theorem 9.9.4 Test for a Conservative Field 


Suppose F(x, y) = P(x, y)i + Q(x, y)j is a conservative vector field in an open region R, and 
that P and Q are continuous and have continuous first partial derivatives in R. Then 


a 6) 
oy Ox 


for all (x, y) in R. Conversely, if the equality (6) holds for all (x, y) ina simply connected region 
R, then F = Pi + Qjis conservative in R. 


PARTIAL PROOF: We prove the first half of the theorem. Assume that the component func- 
tions of the conservative vector field F = Pi + Qj are continuous and have continuous first 
partial derivatives in an open region R. Since F is conservative there exists a potential function 
¢ such that 


Cd) ) 
F = Pi+ Qj = Vd = an o 5 
Ox oy 
Thus P = d¢/dx and Q = d¢/dy. Now 
aP 9 (#) ab F Qa (*) ab 
= = an = = . 
oy dy \ Ox OyOx Ox Ox \ dy Oxdy 


From continuity of the partial derivatives we have dP/dy = 0Q/dx as was to be shown. = 


| EXAMPLE4 | Using Theorem 9.9.4 


The conservative vector field F(x, y) = yi + xj in Example 2 is continuous and has com- 
ponent functions that have continuous first partial derivatives throughout the open region R 
consisting of the entire xy-plane. With the identifications P = y and Q = x it follows from 
(6) of Theorem 9.9.4, 


oP 0 
OF pee 


oy ax” 
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In partial integration with > 
respect to x, the variable 

y is treated as a constant. 
Similarly, in partial inte- 
gration with respect to y 

we treat x as a constant. 


| EXAMPLES | Using Theorem 9.9.4 


Determine whether the vector field F(x, y) = (x? — 2y*)i + (x + Sy)j is conservative. 


SOLUTION With P = x? — 2y° and QO = x + 5y, we find 


oP Cs) 
Toe aa “Sa 
oy Ox 


Because dP/dy # 0Q/dx for all points in the plane, it follows from Theorem 9.9.4 that F is 


not conservative. = 


| EXAMPLE6 | Using Theorem 9.9.4 


Determine whether the vector field F(x, y) = —ye “i — xe “j is conservative. 


SOLUTION With P = —ye’ and Q = —xe ™, we find 


ae ee a. 

oy Ox 
The components of F are continuous and have continuous partial derivatives. Thus (6) 
holds throughout the xy-plane, which is a simply connected region. From the converse in 


Theorem 9.9.4 we can conclude that F is conservative. = 


We have one more important question to answer in this section: 
If F is a conservative vector field, how does one find a potential function ¢ for F? (7) 


In the next example we give the answer to the question posed in (7). 


| EXAMPLE7 | Integral That ls Path Independent 


(a) Show that f-F-dr, where F(x, y) = (” — 6xy + 6)i + (2xy — 3x* — 2y)j, is 
independent of the path C between (—1, 0) and (3, 4). 
(b) Find a potential function ¢ for F. 

(3.4) 


(c) Evaluate F - ar. 
(-1,0) 
SOLUTION (a) Identifying P = y* — 6xy + 6 and Q = 2xy — 3x’ — 2y yields 


The vector field F is conservative because (6) holds throughout the xy-plane and as a conse- 
quence the integral {, F - dr is independent of the path between any two points A and B in the 
plane. 


(b) Because F is conservative there is a potential function @ such that 


0 0 
ee y’> — 6xy + 6 and ee Qxy — 3x? — 2y. (8) 
Ox oy 


Employing partial integration on the first expression in (8) gives 
b= o — 6xy + 6)dx = xy’ — 3x’y + 6x + gy), (9) 


where g(y) is the “constant” of integration. Now we take the partial derivative of (9) with 
respect to y and equate it to the second expression in (8): 
ap 


ae Ixy — 3x? + g'(y) = 2xy — 3x? — 2y. 
y 
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From the last equality we find g'(y) = —2y. Integrating again gives g(y) = —y” + C, where 
C is aconstant. Thus 


ob = xy? — 3x’*y + 6x —y + C. (10) 
(c) We can now use Theorem 9.9.2 and the potential function (10) (without the constant) to 


evaluate the line integral: 


GB,4) B.4) 
| rar=| F- dr = (xy’ — 3x*y + 6x — y’) 
c ( 


—1,0) (-1,0) 


= (48 — 108 + 18 — 16) — (—6) = —52. = 


Note: Since the integral in Example 7 was shown to be independent of the path in part (a), 
we can evaluate it without finding a potential function. We can integrate along any convenient 
curve C connecting the given points. In particular, the line y = x + 1 is such a curve. Using x 
as a parameter then gives 


| F-dr = | (y? — 6xy + 6)dx + (2xy — 3x? — 2y)dy 
c c 


3 
| [(x + 1)? — 6x(x + 1) + 6]dx + [2x(x + 1) — 3x? — 2(x + 1] dx 
-1 


3 
| (—6x? — 4x + 5)dx = —52. 
l 


I| Conservative Vector Fields in 3-Space Fora three-dimensional conservative vec- 
tor field 


Fa, y,2) = Pa.y, di + OG, y.2j + RO, y, Dk 


and a piecewise-smooth space curve r(f) = x(i + yj + z(Ok, a = t S D, the basic form of 
(2) is the same: 


| pea = I Verde = AHO), 20) — 6K MOA) = 90) —- oH). ‘Ui) 


If C is a space curve, a line integral f. F- dr is independent of the path whenever the three- 
dimensional vector field 


F(x, y,z) = P@,y, zi + Oy, Dj + RG, 2k 


is conservative. The three-dimensional analogue of Theorem 9.9.4 goes like this: If F is conser- 
vative and P, Q, and R are continuous and have continuous first partial derivatives in some open 
region of 3-space, then 

dP 0QO dP AR dQ OR 


, (12) 
oy Ox dz Ox dz oy 


Conversely, if (12) holds throughout an appropriate region of 3-space, then F is conservative. 
The necessity of (12) can be seen from (5) of Section 9.7. If F is conservative then F = Vd 
and curl V@ = curl F = 0; that is 


oR dQ\, oP OR\, oO OP 
curl F = | — — —Ji+ | — - —}]j + |(|— - —]k= 
oy 0z 0z Ox Ox dy 


Setting the three components of the vector curl F equal to 0 yields (12). 
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(2, 1, 4) 


| EXAMPLES | 8 Integral That ls Path Independent 


FIGURE 9.9.6 Representative path C in 


Example 8 
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(a) Show that the line integral 
| (y + yz)dx + (x + 323 + xz)dy + (Qyz? + xy -— Ladz 
Cc 


is independent of the path C between (1, 1, 1) to (2, 1, 4). 
(2,14) 


(b) Evaluate | F -dr. 


(1,1) 


SOLUTION (a) With the identifications 
F(x, y,2) = (y + yz)i + ( + 32? + xzj + Oyz? + xy - Dk, 
P=ytyz Q=x+3z74+ xz, and R= 9yz? + xy — 1, 


we see that the equalities 


oP dQ oP oR dQ , OR 
=lt+z= ;, y » and —=97 +x = — 
oy Ox dz Ox OZ oy 


hold throughout 3-space. From (12) we conclude that F is conservative and therefore the 
integral is independent of the path. 
(b) The path C shown in FIGURE 9.9.6 represents any path with initial and terminal points 
(1, 1, 1) and (2, 1, 4). To evaluate the integral we again illustrate how to find a potential func- 
tion (x, y, z) for F using partial integration. 
First we know that 
ap ap ap 


P, —=Q, and —=R. 
Ox oy 0z 


Integrating the first of these three equations with respect to x gives 
p = xy + xyz + a(y,2). 


The derivative of this last expression with respect to y must then be equal to Q: 


Ce) ) 
OF ogee = ae age 
oy oy 
Hence, 
0 
= 323 implies g = 3yz? + A(z). 
y 
Consequently, fb = xy + xyz + 3yz? + A(z). 


The partial derivative of this last expression with respect to z must now be equal to the func- 
tion R: 


te) 
< = xy + Syz* + h'(z) = 9yz? + xy - 1. 
Z 
From this we get h'(z) = —1 and h(z) = —z + K. Disregarding K, we can write 
ob = xy + xyz + 3yz? -—z (13) 


Finally, from (11) and the potential function (13) we obtain 


(2,1,4) 
| (y + yz)dx + (x + 323 + xz)dy + Qyz? + xy — ldz 
(11,1) 


(2,1,4) 
= (xy + xyz + 3yz? — 2) = 198 — 4 = 194. 
(1,131) 


il Conservation of Energy In a conservative force field F', the work done by the force 
on a particle moving from position A to position B is the same for all paths between these points. 
Moreover, the work done by the force along a closed path is zero. See Problem 29 in Exercises 9.9. 
For this reason, such a force field is also said to be conservative. In a conservative field F the 
law of conservation of mechanical energy holds: 


For a particle moving along a path in a conservative field, 
kinetic energy + potential energy = constant. 


See Problem 31 in Exercises 9.9. 

A frictional force such as air resistance is nonconservative. Nonconservative forces are dissipa- 
tive in that their action reduces kinetic energy without a corresponding increase in potential energy. 
Stated in another way, if the work done f; F - dr depends on the path, then F is nonconservative. 


| 9.9 Exercises Answers to selected odd-numbered problems begin on page ANS-23. 


In Problems 1—10, show that the given line integral is indepen- 16. F(x, y) = 2e? i+ xe? j 

dent of the path. Evaluate in two ways: (a) Find a potential func- fa Problenis 17 and 18, find the worledoue by the farce 

tion @ and then use Theorem 9.9.1, and (b) Use any convenient FG y) = Ox bo Es Gy — 20) alone the indicated patve 
path between the endpoints of the path. oe : y J g ; 


(2, 2) 17. y 
1. | x’ dx + y’ dy 7 ad, ) 
( 


(2, 4) 
2. | 2xy dx + x dy 
( 


(3, 2) 
x 
3. | (x + 2y) dx + (2x — y) dy (0, 0) 
(1, 0) 
am . . FIGURE 9.9.7 Curve for Problem 17 
4. cos x cos ydx + (1 — sin x sin y) dy 
(0,0) 18. y 
44 —ydx + xdy . . 
5. ———,—— on any path not crossing the x-axis 
(4,1) yy 


(3, 4) 
| ie, fe noetheuentheons: 
———— on any path not through the origin 
( Vx? + y’ 


7. | (2y?x — 3) dx + (2yx? + 4) dy 
: im FIGURE 9.9.8 Curve for Problem 18 

8. | (5x + 4y) dx + (4x — 8y°%) dy In Problems 19-24, show that the given integral is independent 
( of the path. Evaluate. 


(2, 8) 
9. 3 + 2 dx + 3 a 2 +] (2, 4, 8) 
I. (fF oxyde ie aye dy - ee eer 


(1, 1,1) 
(1,0) 
(1, 1) 
10. | - (2x — ysin xy — 5y*) dx — (20xy’ + x sin xy) dy 20. | 2x dx + 3y’ dy + 423 dz 
-2, (0, 0, 0) 
In Problems 11-16, determine whether the given vector field is Gah . ay ‘ bi 
a conservative field. If so, find a potential function ¢ for F. al. ais (2x sin y + e%) dx + x" cos y dy + (3xe™ + 5) dz 
11. F(x, y) = (4x39 + 3)i+ Bx? + 1)j 3,4, 1D : 1 
12. F(x, y) = 2xy7i + 3y’*Q? + Lj 22. | (2x + 1) dx + 3y dy + 7% 
13. F(x, y) = y’ cos xy*i — 2xy sin xy*j Coan 3) 
14. Fa, y= +y +1) 7@i+t yj) 23. | e” dx + 3y* dy + 2xe™ dz 
15. Fax, y) = Qo + yit+ (xt yj (1, 1, In 3) 
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24. 


(0, 0,0) 
| 2xz dx + 2yz dy + (x° + y*) dz 
(-2,3, 1) 


In Problems 25 and 26, evaluate [, F - dr. 


25. 


26. 


27. 


28. 


29. 


F(, y, z) = (y — yzsinx)i + (x + zcos x)j + y cos xk; 
r(f) = 2ti+ (1 + cos fj + 4 sin’tk, 0 <t< 7/2 

F(x, y,z) = (2 - &)i+ Qy — Dj t+ 2 — xe’)k; 

r(f) = ti+ t?j + fk, (1, 1, —1) to (2, 4, 8) 

The inverse square law of gravitational attraction between 
two masses m, and m, is given by F = —Gm,myr/||r||>, where 
r= xi+t yj + zk. Show that F is conservative. Find a potential 
function for F. 

Find the work done by the force F(x, y, z) = 8xy*zi + 
12x°y’zj + 4x°y°k acting along the helix r(#) = 2 cos ti + 
2 sin tj + tk from (2, 0, 0) to (1, V3, 7/3). From (2, 0, 0) to 
(0, 2, 7/2). [Hint: Show that F is conservative. ] 

If F is a conservative force field, show that the work done 
along any simple closed path is zero. 


30. 


31. 


32. 


A particle in the plane is attracted to the origin with a force 
F = |r/||"r, where v is a positive integer and r = xi + yj is 
the position vector of the particle. Show that F is conservative. 
Find the work done in moving the particle between (x,, y,) and 
(%2, Yo). 

Suppose F is a conservative force field with potential function 
é. In physics the function p = —¢ is called potential energy. 


Since F = —Vp, Newton’s second law becomes 
dv 
r"=—V —+Vp=0 
m ao Dp 
dr dr 


dv 
By int ti : +Vp- 
y integrating m-_-* + Vp er 
derive the law of conservation of mechanical energy: 


= 0 with respect to f, 


smv" + p = constant. [Hint: See Problem 39 in Exercises 9.8.] 
Suppose that C is a smooth curve between points A (at t = a) 
and B (at t = b) and that p is potential energy, defined in 
Problem 31. If F is a conservative force field and K = 3mv" 


is kinetic energy, show that p(B) + K(B) = p(A) + K(A). 


9.10 | Double Integrals 


INTRODUCTION 


(xp YD 
f 


FIGURE 9.10.1 Sample point in kth 


~ 5. 


rectangle 


In Section 9.8 we gave the five steps leading to the definition of the definite 
integral f? f(x) dx. The analogous steps that lead to the concept of the two-dimensional definite 
integral, known simply as the double integral of a function f of two variables, will be given next. 

1. Let z = f(x, y) be defined in a closed and bounded region R of 2-space. 

2. By means of a grid of vertical and horizontal lines parallel to the coordinate axes, form a 

partition P of R into n rectangular subregions R, of areas AA, that lie entirely in R. 
3. Let || P|| be the norm of the partition or the length of the longest diagonal of the R;. 
4, Choose a sample point (x;, y,) in each subregion R,. See FIGURE 9.10.1. 


Form the sum > f (is Y_) AAg. 
k= 1 


Thus we have the following definition: 


Definition 9.10.1 The Double Integral 


Let f be a function of two variables defined on a closed region R of 2-space. Then the 
double integral of f over R is given by 


| 


n 


fx, y) dA = lim 'S! fai, ye) MAy. (1) 


|Pl>0¢=1 


Hi Integrability If the limit in (1) exists, we say that f is integrable over R and that R is 
the region of integration. When fis continuous on R, then fis necessarily integrable over R. 


Il Area When f(x, y) = 1 on R, then limypy_,) >;—,AA; simply gives the area A of the region; 


that is, 
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7 || dA. (2 


R 


surface z= 


f(x, y) 


FIGURE 9.10.2 Volume under a surface 


R=R,UR, 


FIGURE 9.10.3 R is the union of two 
regions 


y=8,Q) R 
Y = 8,(x) 


(a) Type I region 


& 


roy 
Na 


a y 
x=h(y) 7 


x= hoy) 


(b) Type II region 


FIGURE 9.10.4 Regions of integration 


I| Volume If f(x, y) = 0 on R, then, as shown in FIGURE 9.10.2, the product f(x;, y,) AA, can 
be interpreted as the volume of a rectangular prism of height f(x;,, y,) and base of area AA,. The 
summation of volumes >;-; f(x;, y,) AA; is an approximation to the volume V of the solid 
above the region R and below the surface z = f(x, y). The limit of this sum as ||P|| — 0, if it 
exists, gives the exact volume of this solid; that is, if fis nonnegative on R, then 


= \| f(x, y) dA. (3) 


R 


I Properties The double integral possesses the following properties: 


Theorem 9.10.1 Properties of Double Integrals 


Let fand g be functions of two variables that are integrable over a region R. Then 


(i) \| kf(x, y) dA =k \| f(x, y) dA, where k is any constant 
R R 


(ii) \| [f@ y) + g@ y)] dA = |[p (x, y) dA + \| g(x y) dA 


R R R 


(iii) \| S@, y) dA = \| f@ y)dA+ \| F(x, y) dA, where R, and R, are subregions of R 
R R, Ry 
that do not overlap and R = R, UR. 


Part (iii) of Theorem 9.10.1 is the two-dimensional equivalent of f° f(x) dx = J¢ f(x) dx + 
J? f(x) dx. FIGURE 9.10.3 illustrates the division of a region into subregions R, and R, for which 
R= R, UR,. R, and R, can have no points in common except possibly on their common border. 
Furthermore, Theorem 9.10.1(iii) extends to any finite number of nonoverlapping subregions 
whose union is R. 


Hi Regions of Type I and II The region shown in FIGURE 9.10.4(a), 


Rias=x=b, gia) =y = 82), 
where the boundary functions g, and g» are continuous, is called a region of Type I. In Figure 
9.10.4(b), the region 


RicsSysd, hy) s=x=h jy), 


where the functions , and /, are continuous, is called a region of Type II. 


|| Iterated Integrals Since the partial integral ies f(x, y) dy is a function of x alone, we 
may in turn integrate the resulting function now with respect to x. If fis continuous on a region 


of Type I, we define an iterated integral of f over the region by 
br go(x) br goa) 
| | f(x, y) dy dx = | | f(x, y) ay dx. (4) 
a Jg,(x) a LJg,(x) 


The basic idea in (4) is to carry out successive integrations. The partial integral with respect to 
y gives a function of x, which is then integrated in the usual manner from x = a to x = b. The 
end result of both integrations will be a real number. In a similar manner, we define an iterated 
integral of a continuous function f over a region of Type I by 


d rhy(y) d hy(y) 
| | (x, y) dx dy = | | f(x, y) ax| dy. (5) 
lc Sh ie h 


1) 10) 
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FIGURE 9.10.6 Region of integration in 


[| Evaluation of Double Integrals Iterated integrals provide the means for evaluating 
a double integral {J f(x, y) dA over a region of Type I or Type II or a region that can be ex- 
pressed as a union of a finite number of these regions. The following result is due to the Italian 
mathematician Guido Fubini (1879-1943). 


Theorem 9.10.2 Fubini’s Theorem 


Let f be continuous on a region R. 
(i) If Ris of Type I, then 


Dp ga(x) 
\| f@, y) dA = | | f(x, y) dy dx. (6) 
R a Jg\(x) 
(ii) If R is of Type I, then 
d rhy(y) 
\| f(x, y) dA = | | F(x, y) dx dy. (7) 
c Yh(y) 
R 


Theorem 9.10.2 is the double integral analogue of the Fundamental Theorem of Calculus. 
While Theorem 9.10.2 is difficult to prove, we can get some intuitive feeling for its significance 
by considering volumes. Let R be a Type I region and z = f(x, y) be continuous and nonnegative 
on R. The area A of the vertical plane, as shown in FIGURE 9.10.5, is the area under the trace of the 
surface z = f(x, y) in the plane x = constant and hence is given by the partial integral 


82(x) 


A(x) = | f(x, y) dy. 
& 


1X) 


By summing all these areas from x = a to x = b, we obtain the volume V of the solid above R 
and below the surface: 


b D g(x) 
V= | A(x) dx = | | T(x, y) dy dx. 
la a Jg\(x) 


trace of surface 
in plane x = constant 


surface z= f(x, y) 


* y= 8) y= 8,(x) 


FIGURE 9.10.5 Geometric interpretation of (6) 
But, as we have already seen in (3), this volume is also given by the double integral 


V= \| fl, y) dA. 


R 


| EXAMPLE1 | Evaluation of a Double Integral 


Evaluate the double integral ff, e***” dA over the region bounded by the graphs of 
y=l1,y=2,y =x, and y = —x + 5. See FIGURE 9.10.6. 
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(a) Region of Type I 


x= hyly) 


x=hy(y) 


(b) Region of Type II 


FIGURE 9.10.7 Summation in y-direction 
in (a); summation in x-direction in (b) 


t t x 


(b) Type II region 


FIGURE 9.10.8 Reversing order of 
integration in Example 2 


SOLUTION As seen in the figure, the region is of Type II; hence, by (7) we integrate first 
with respect to x from the left boundary x = y to the right boundary x = 5 — y: 


2 f5-y 
1 Jy 
R 


2 


: 1 1 
= 5+2y _ p4y d — |_,5+2y _ _ 4 
| (e e”)dy |; e A e | 


1 


1 1 
- ——¢@ — —¢e' + —¢4 = 2771.64. = 
e a¢ 5° ae 
As an aid in reducing a double integral to an iterated integral with correct limits of integration, 
it is useful to visualize, as suggested in the foregoing discussion, the double integral as a double 


len ies y) dy dx is first a sum- 


mation in the y-direction. Pictorially, this is indicated by the vertical arrow in FIGURE 9.10.7(a); 
the typical rectangle in the arrow has area dy dx. The dy placed before the dx signifies that the 
“volumes” f(x, y) dy dx of prisms built up on the rectangles are summed vertically with respect 
to y from the lower boundary curve g, to the upper boundary curve g,. The dx following the dy 
signifies that the result of each vertical summation is then summed horizontally with respect to 
x from left (x = a) to right (x = b). Similar remarks hold for double integrals over regions of 
Type II. See Figure 9.10.7(b). Recall from (2) that when f(x, y) = 1, the double integral A = [fpdA 


gives the area of the region. Thus, Figure 9.10.7(a) shows that i jhe dy dx adds the rectangular 


summation process. Over a Type I region the iterated integral fe 


areas vertically and then horizontally, whereas Figure 9.10.7(b) shows that B ie dx dy adds 
the rectangular areas horizontally and then vertically. 


Hi Reversing the Order of Integration A problem may become easier when the order of 
integration is changed or reversed. Also, some iterated integrals that may be impossible to eval- 
uate using one order of integration can perhaps be evaluated using the reverse order of integration. 


| EXAMPLE2 | Reversing the Order of Integration 


Evaluate Jf, xe” dA over the region R in the first quadrant bounded by the graphs of 
2 
y=x,x=0,y=4. 


SOLUTION When the region is viewed as Type I, we have from FIGURE 9.10.8(a), 0 = x $ 2, 


x <=y=4,andso 
24 
\| xe’ dA = | | xe” dy dx. 
0 Jx? 
R 


The difficulty here is that the partial integral f ’xe y dy cannot be evaluated, since e” has no 
elementary antiderivative with respect to y. However, as we see in Figure 9.10.8(b), we can 


interpret the same region as a Type II region defined byO =y=4,0Sx= Vy. Hence, from (7) 


lI 
a & 
Nile 
be 
& 
a 
ie 
II 
|— 
ie 
Ss 
_ 
| 
| 
Fa 
fax) 
a 
| 
— 
— 
III 
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|| Laminas with Variable Density—Center of Mass If pis aconstant density (mass 
per unit area), then the mass of the lamina coinciding with a region bounded by the graphs of 
y = f(x), the x-axis, and the lines x = a and x = bis 


n 


b 
m= lim >'pf(x,) Ax = | p f(x) dx. (8) 


|P|>0 ¢=1 


If a lamina corresponding to a region R has a variable density p(x, y), where p is nonnegative 
and continuous on R, then analogous to (8) we define its mass m by the double integral 


m= Be Sexes yy) AA, = \| p(x, y) dA. (9) 
9 k= 1 
R 


The coordinates of the center of mass of the lamina are then 


= My, — M, 
cae Aa (10) 
where M,= || xp(x,y)dA and M, = || voc: y) dA (11) 
R R 


are the moments of the lamina about the y- and x-axes, respectively. The center of mass is the 
point where we consider all the mass of the lamina to be concentrated. If p(x, y) is a constant, 
the center of mass is called the centroid of the lamina. 


| EXAMPLE3 | Center of Mass 


A lamina has the shape of the region in the first quadrant that is bounded by the graphs of y = sin.x, 
y = cos x, between x = 0 and x = 77/4. Find its center of mass if the density is p(x, y) = y. 


y SOLUTION From FIGURE 9.10.9 we see that 
(§) | 
= cs 7/4 ¢ cosx 
i ; m= |[ >a = | | y dy dx 
/ Bg 0 sinx 
SI R 
= 7/4 27 cosx 
y=cosx = | a ae 
0 2 sin x 
x 


7/4 
= Al (cos*x — sin’x) dx < double angle formula 
FIGURE 9.10.9 Region in Example 3 2 Jo 


1 (7 i. le 4 
=> cos 2x dx = — sin2x =-, 
2 Jo 4 0 4 


Now, 


m/4 cos x 
-[ 
= — xy dx 
(0) 2 


sin x 


1 7/4 
5 | x cos 2x dx < integration by parts 
0 


1 1 1/4 
= |—x sin 2x + —cos 2x = 
4 8 4 16 
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y=VP 2 


y=-Vr? — x2 


FIGURE 9.10.10 Disk in Example 4 


Similarly, 


7/4 pcos x 
M, = |r = | | y° dy dx 
0 sin x 
R 


lI 
wile 
s— 
a 
_ 
=~ 
oO 
° 
7) 
wo 
be 
| 
n 
wa. 
i=) 
Ww 
be 
~— 
a 
a 


[cosx(1 — sin*x) — sinx(1 — cos?x)] dx 


II 
wile 
oS 
a 
_ 


m4 5V2-4 


1 
= —|sin x — —sin’x + cos x — —cos*x 
3 3 3 


5 18 
Hence, from (10), 
M, (a — 2)/16 _ M, (6V/2 - 4)/18 
= = ~0.29 and y= = ~ 0.68. 
m 1/4 m 1/4 


Thus the center of mass has the approximate coordinates (0.29, 0.68). = 


| Moments of Inertia The integrals M, and M, in (11) are also called the first moments 
of a lamina about the x-axis and y-axis, respectively. The so-called second moments of a lamina 
or moments of inertia about the x- and y-axes are, in turn, defined by the double integrals 


[= \| yp(x,y)dA and 1, = \| x’p(x, y) dA. (12) 
R R 


A moment of inertia is the rotational equivalent of mass. For translational motion, kinetic energy 
is given by K = } mv’, where m is mass and v is linear speed. The kinetic energy of a particle of 
mass m rotating at a distance r from an axis is K = mv = $m(rw)? = 5(mr?)w* = $I", where 
I = mr’ is its moment of inertia about the axis of rotation and w is angular speed. 


| EXAMPLE4 | Moment of Inertia 


Find the moment of inertia about the y-axis of the thin homogeneous disk of mass m shown 
in FIGURE 9.10.10. 


SOLUTION Since the disk is homogeneous, its density is the constant p(x, y) = m/mr?. 


Hence, from (12), 
_ om | " 
ar’ )_, 
2m [" 
2 


2 % . . . . 
| OV rr? — xt de oe trigonometric substitution x = r sin 0 


—r 


; x? dy dx 
— 


™~ 
ll 
> —— 
4 
in} 
Zoos 
J /s 
nN 
ee 
QQ 


Tr 


2mr? We 2.88 J 
—- sin’ 8 cos~ 6 dé 


7 —1/2 


= — | sin’ 20 d0 


2 pa/2 1 
= | (1 — cos 40) dé = qm 
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Hi Radius of Gyration The radius of gyration of a lamina of mass m and the moment of 
inertia J about an axis is defined by 


Raa (13) 


m 


Since (13) implies that J = mR;, the radius of gyration is interpreted as the radial distance the 
lamina, considered as a point mass, can rotate about the axis without changing the rotational 


inertia of the body. In Example 4 the radius of gyration is R, = V1,/ m= V (mr */4)/m = r/2. 


| 9.10 — Exercises Answers to selected odd-numbered problems begin on page ANS-23. 


In ie 1-8, evaluate the given a integral. 4: | | Veni re a4 “fs 
1. | (6xy — Se’) dx 2. | tan xy dy B 
ee 22. |[> day y= tan ‘x, y= 0, x= 1 
3. | xe” dy 4. | (8x*y — 4xy) dx R 
oe vy 23. Consider the solid bounded by the graphs of x? + y* = 4, 
5. | — hy 6. | els dy z= 4-— y, and z = 0 shown in FIGURE 9.10.11. Choose and 
bh e+y ‘a evaluate the correct integral representing the volume V of the 


aici ; solid. 
7. (2x + cos y) dx 8. Wa In x dx > -VAcx 
= : (a) 4 | | (4 — y) dy dx 
0 JO 


In Problems 9-12, sketch the region of integration for the given 


iterated integral. 2 -V4-x2 
2 p2x+1 4 Vy (b) 2| | (4 — y) dy dx 
9, x,y)dydx 10. x,y) dxd hay 
a f(x, y) dy FL in y) dx dy : Se 
3 -V16-¥ 2 pet (c) 2| | (4 — y) dx dy 
11. | | S(x,y) dx dy 12. | | T(x, y) dy dx ~2J0 
-1 40 -1J-“ 
In Problems 13-22, evaluate the double integral over the region 
R that is bounded by the graphs of the given equations. Choose : 
the most convenient order of integration. 
z=4-y 
13. [eras yas y=0, 21 % 
14. (x + 1) dA; y=x, x+y=4, x=0 
2 y 
15. (2x + 4y + 1)dA; y=x, y=x o epy=4 


FIGURE 9.10.11 Solid for Problem 23 
xe’ dA; R the same as in Problem 13 
24. Consider the solid bounded by the graphs of x? + y’ = 4 and 
2xy dA: y=, y=8, x=0 y’ + 2 = 4. An eighth of the solid is shown in FIGURE 9.10.12. 
Choose and evaluate the correct integral representing the vol- 
ume V of the solid. 


18. dA; y= 41, y=3-2 2 pV4—-¥ 
Vy 21/2 
(a) 4 (4—y)™ dy dx 
y ~2J-V/4—9 
19. ita? 0, y=1,x=0, x=1 iViey 
(b) 8 | | (4 — y’)'" dx dy 
TX P 0 Jo 
20. sin dA; x=y,x=0, y=1, y=2 


— 
™ 
aS TF SOO SO SO SO SO 


2 4-x 
(c) s| | (4 — x°)'? dy dx 
0 JO 
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FIGURE 9.10.12 Solid for Problem 24 


In Problems 25-34, find the volume of the solid bounded by the 
graphs of the given equations. 


2. 2x +y+z=6,x=0,y =0,z 
% cz=4-y,x=3,x=0,y=0,z 
7.x? +y=4,x-y+27=4,x 
2. y=x*,y+z=3,2=0 

29. z=1+2x?+y,3x+y=3,x 
30. z=xty,x°+y=9,x 
31. yz=6,x =0,x=5,y 
32. 2=4-—x7?-Gy’,z=0 
3. 2=4-y,x*+y =2x,z7=0 

34. 2=1-—x7,z=1 y’,x=0, y =0,z=0, first octant 


O, first octant 
O, first octant 
0, y = 0, z = 0, first octant 


0, y = 0, z = 0, first octant 
0, y = 0, z = O, first octant 
lry=6,z=0 


In Problems 35—40, evaluate the given iterated integral by 
reversing the order of integration. 
Ll 1 2 
35. | | PV 1 + yt dy dx 36. | | e/* dx dy 
0 Ix 0 Jay 


hc 2y 


VI=; 


2 


24 1 
37. [| cos V8 dx dy 38. | | 
0 Jy =1 


=N/1 = 2 


_1t+y* 


lel 4 72 
1 
39. [| — dy dx 40. [| Vx + 1 dx dy 
0 Je lo JVy 


In Problems 41—50, find the center of mass of the lamina that 
has the given shape and density. 


4. x=0, x=4, y=0, y=3; p(y, y) = xy 

42. x=0, y=0, 2x +y=4; pix y) =x? 

B. y=x,xty=6, y=0; p(x, y) = 2y 

44. y=ld, y=3; px y=x’+y 

4. y=x*,x=1, y=0; px y=xty 

%. x=y', x=4; p(x, y)=yt5 

47. y= 1—x’, y = 0; density at a point P directly proportional 
to the distance from the x-axis 

48. y= sinx, 0=x=7, y = 0; density at a point P directly 
proportional to the distance from the y-axis 

SB y=¢,x=0,*%=1, y= payar 


50. y= V9 — x’,y=0; p(x, y) = x? 


In Problems 51—54, find the moment of inertia about the x-axis 
of the lamina that has the given shape and density. 


51. x=y—y’, x=0; p(x, y) = 2x 


2. y=x", 7= Vx: p(x, y) =x? 


xV1—x° -— ydydx 


53. y=cosx, -—7/2 SxS 7/2, y=0; p(x, y) = k (constant) 
54. y= V4 — x*,x =0, y = 0, first quadrant; p(x, y) = y 

In Problems 55-58, find the moment of inertia about the y-axis 
of the lamina that has the given shape and density. 

55. y=x°, x =0, y= 4, first quadrant; p(x, y) = y 


56. y=x7, y= Vx p(x, y) = x? 
57. y=x, y=0, y= 1, x = 3; p(x, y) = 4x + 3y 
58. Same R and density as in Problem 47 


In Problems 59 and 60, find the radius of gyration about the 
indicated axis of the lamina that has the given shape and density. 


59. x= Va? — y*, x= 0; p(x, y) =x; y-axis 

60. x+y=a, a>0, x=0, y=0; p(x, y) = k (constant); x-axis 

61. A lamina has the shape of the region bounded by the graph 
of the ellipse x*/a* + y’/b? = 1. If its density is p(x, y) = 1, 
find: 

(a) the moment of inertia about the x-axis of the lamina, 

(b) the moment of inertia about the y-axis of the lamina, 

(c) the radius of gyration about the x-axis [Hint: The area of 
the ellipse is w7ab], and 

(d) the radius of gyration about the y-axis. 

62. Across section of an experimental airfoil is the lamina shown 
in FIGURE 9.10.13. The arc ABC is elliptical, whereas the two 
arcs AD and CD are parabolic. Find the moment of inertia 
about the x-axis of the lamina under the assumption that the 
density is p(x, y) = 1. 


FIGURE 9.10.13 Airfoil in Problem 62 


The polar moment of inertia of a lamina with respect to the origin 
is defined to be 


I= \| (x? + y)px, y)dA=1, + I. 
R 


In Problems 63-66, find the polar moment of inertia of the 
lamina that has the given shape and density. 


63. x +y=a, a>0, x=0, y=0; p(x, y) = k (constant) 


64. y=22, y= Vx: p(x, y) = [Hint: See Problems 52 and 56.] 
65. x = y’ + 2, x = 6 — y”’; density at a point P inversely 
proportional to the square of the distance from the origin 

66. y=x, y=0, y=3, x = 4; p(x, y) = k (constant) 
67. Find the radius of gyration in Problem 63. 
68. Show that the polar moment of inertia about the center of a 


thin homogeneous rectangular plate of mass m, width w, and 
length / is I) = m(1? + w’)/12. 
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9.1 | Double Integrals in Polar Coordinates 


INTRODUCTION A double integral, which may be difficult or even impossible to evaluate in 
rectangular xy-coordinates, may become more tractable when expressed in a different coordinate 
system. In this section we examine double integrals in polar ré-coordinates. 


I Polar Rectang les Suppose R is a region in the plane bounded by the graphs of the polar 
equations r = g,(8), r = g,(8), and the rays 0 = a, 0 = B, and fis a function of r and 6@ that is 
continuous on R. In order to define the double integral of f over R, we use rays and concentric 
circles to partition the region into a grid of polar rectangles or subregions R,. See FIGURE 9.11.1(a) 
and 9.11.1(b). The area AA, of typical subregion R,, shown in Figure 9.11.1(c), is the difference 
of the areas of two circular sectors: AA, = 477,40, — + r746,. Now AA, can be written as 


AA, = resi a rp AO, = aes + 7 )(Te1 — THA = r, Ar, AO, 


1 
AVamice 


(a) Region R is bounded by 


. > . a 
polar axis O polar axis O 


(b) Subregion R, 


(c) Enlargement of R, 


polar graphs and rays 


6 =h,(r) 


6 =h(r) 


e 
O polar axis 


FIGURE 9.11.2 R bounded by polar graphs 
and circular arcs 
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FIGURE 9.11.1 R, in (b) and (c) is called a polar rectangle 


where Ar, = m4) — rgand r;, = (rest + r,) denotes the average radius. By choosing (7;, 0;) on 
each R,, the double integral of fover R is 
\| T(r, 8) dA. 


R 


lim SY fry, Or, Ar, AO, = 


|P|>0 ¢=1 


The double integral is then evaluated by means of the iterated integral: 


B rg2(9) 
|| soaaa = [| f(r, 0) r dr dé. (1) 
& 
R 


a Jg,(0) 


On the other hand, if the region R is as given in FIGURE 9.11.2, the double integral of f over R is 
then 


b phir) 

|| f(r, 0) dA = | f(r, 9) r dé dr. (2) 
‘a thir) 

R 


| EXAMPLE1 | Center of Mass 


Find the center of mass of the lamina that corresponds to the region bounded by one leaf of 
the rose r = 2 sin 26 in the first quadrant if the density at a point P in the lamina is directly 
proportional to the distance from the pole. 
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r=2sin20 


> 
O polar axis 


FIGURE 9.11.3 Lamina in Example 1 


SOLUTION By varying @ from 0 to 7/2, we obtain the graph in FIGURE 9.11.3. Now, 
d(O, P) = Irl. Hence, p(r, 0) = kirl, where k is a constant of proportionality. From (9) of 
Section 9.10, we have 

\| kir|dA 


R 


1/2 p2sin 20 
k | | (r)r dr dé 
0 0 


‘{ “] 2sin 20 
(0) 3 


0 


3 
II 


8 1/2 
= 4 k | sin? 20 do < sin? 20 = 1 — cos” 20 
0 
8 1/2 
= +4 (1 — cos? 26) sin 26 do 
0 
8 1 1 ne 46 
= K| ~heo 20 + —cos? 20| = —k. 
3 2 6 ‘ 9 


Since x = r cos 6, we can write M, = ‘|| x|r| dA as 


R 


a/2 p2sin20 
M, = ‘| | r°cos 6 dr do 
: 0 Jo 
7/2 4 2sin 20 
=k | — cos a do 
0 
sin* 20 cos @d@ <—double-angle formula 


16 sin* 6 cos* 6 cos 6 dé 


64k | sin*@ cos°6 dé 


1/2 
0 
1/2 
64k | sin’ @(1 — sin? @)?cos 6 dé 
0 
1/2 
0 


= 64k| (sin*@ — 2sin°@ + sin’6)cos 6 dO 
1 2 1 a sig 
a 64k Lsin'o — =sin’6 + —sin?6 = —k. 
5 7 9 > 31S 


Similarly, by using x = r sin 6, we find* 


+ =f f -_ ee 512, 
= f ; r- sin FE 315" 


*We could have argued to the fact that M, = M, and hence x = y from the fact that the lamina and the 
density function are symmetric about the ray 0 = 77/4. 
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FIGURE 9.11.4 Region R in Example 2 


+y2-y=0 


FIGURE 9.11.5 Solid in Example 3 
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Here the rectangular coordinates of the center of mass are 


512k/315 32 
16k/9 35) 


X=y= 


I| Change of Variables: Rectangular to Polar Coordinates In some instances 
a double integral f fp f(x, y) dA that is difficult or even impossible to evaluate using rectangular 
coordinates may be readily evaluated when a change of variables is used. If we assume that fis 
continuous on the region R and if R can be described in polar coordinates as 0 <= ¢\(0) =r < g,(6), 
a=0=8,0<B-aS?2z, then 


a Jg,(0) 


B gx) 
\| t@, y) dA = | | f(r cos 6, r sin 6)r dr dé. (3) 
R 


Equation (3) is particularly useful when f contains the expression x” + y’ since, in polar coordi- 
nates, we can now write 


| EXAMPLE2 | Changing an Integral to Polar Coordinates 


Use polar coordinates to evaluate 


2 -V8—2 1 
se ily dx. 
[| 5+ + y™ 


SOLUTION Fromx<y< V8 — x*,0 <x S2, we have sketched the region R of integra- 
tion in FIGURE 9.11.4. Since x” + y* = r’, the polar description of the circle x” + y* = 8 is 


r= V3. Hence, in polar coordinates, the region of R is givenbyO=r= 1/8, T/4=0S7/2. 
With 1/(5 + x° + y’) = 1/(5 + r’), the original integral becomes 


2 -V8—x 1 n/2 -V8 1 
dy d. dr do 
[| S¢x+y> in| 5+r2 


2 


= mie 2r dr 
0 SE 7 


7/4 


1 a/2 V8 
| In(5 + | dé 
2 7/4 0 


7/2 


1 
= —(Inl3 — n3)| do 
2 7/4 


a4 3-05) (- 7) Cia 
a ag INS apg 5 


| EXAMPLE3 | Volume 


Find the volume of the solid that is under the hemisphere z = V1 — x* — y* and above the 
region bounded by the graph of the circle x* + y? — y = 0. 


SOLUTION From FIGURE9.11.5, we see that V= J fp V1 — x* — y’ dA. In polar coordinates 
the equations of the hemisphere and the circle become, respectively, z = V1 — r? and 


r = sin 6. Now, using symmetry, we have 


a/2 p sind 
V= |[ vi = Fas = 2| | (1 — r*)'"r dr dO 
0 0 


R 
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a/2 1 sin 0 
= 2| [La = P| do 
0 3 0 


= * | [1 — (1 — sin? 6)*] do 


[1 — (cos? 6)7/?] do 


a 

3 Jo 
2 1/2 : 

= — [1 — cos’ 6] dé 
3 Jo 
2 _ 
5 [1 — (1 — sin’ 6) cos 0] do 

0 


1/2 


al ino + Lin | Lee = 
—- — sin ~ sin SS eS - = 
3 3 3 9 


0 
I| Area Note that in (1) if f(r, 6) = 1, then the area of the region R in Figure 9.11.1(a) is given by 
B re2(0) 
Aa \| a=|| r dr do. 
. a Jg(0) 


The same observation holds for (2) and Figure 9.11.2 when f(r, 0) = 1. 


REMARKS 


The reader is invited to reexamine Example 3. The graph of the circle r = sin @ is obtained 
by varying @ from 0 to 77. However, carry out the iterated integration 


7 psing 
v= | | (1 — r’)'?r dr dé 
0 0 


and see if the result is the incorrect answer 77/3. What goes wrong? 


Exim Exercises Answers to selected odd-numbered problems begin on page ANS-23. 


In Problems 1-4, use a double integral in polar coordinates to In Problems 11-16, find the center of mass of the lamina that 
find the area of the region bounded by the graphs of the given has the given shape and density. 
poleroquanons "N. r=1, r=3, x=0, y =O, first quadrant; p(r, 6) = k 
1.r=3+3sin0 (constant) 
2. r=2+cosé 12. r = cos 0; density at point P directly proportional to the dis- 
3. r = 2 sin 0, r= 1, common area tance from the pole 
4. r = 8 sin 46, one petal 13. y= V3x, y=0,x=3: pir, @) =P 
In Problems 5-10, find the volume of the solid bounded by the 14. r = 4 cos 26, petal on the polar axis; p(r, 0) = k (constant) 
graphs of the given equations. 15. Outside r = 2 and inside r = 2 + 2 cos 0, y = 0, first quadrant; 
b CGuepeulotres cesta eed ceri a point P inversely proportional to the distance from 
cya VoH=2 =F 220 16. r = 2 + 2 cos 0, y = 0, first and second quadrants; 
7. Between x’ + y? = landx’?+ y’ =9, p(r, 0) = k (constant) 
z= V16—-x-yi,z2=0 
6223 4 yx +y=25, 2=0 In Problems 17-20, find the indicated moment of inertia of the 


lamina that has the given shape and density. 


eo . 


. r=1+cosé, z=y, z= 0, first octant 
10. r=cos@é, z=24+x+ ¥, z=0 17. r= a; p(r, 0) =k (constant); [, 
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18. r=a; p(r, 0) = vf 


1+’ * 

19. Outside r = a and inside r = 2a cos @; density at a point P 
inversely proportional to the cube of the distance from the 
pole; J, 

20. Outside r = | and inside r = 2 sin 26, first quadrant; 
p(r, 0) = sec’ 0: I, 


In Problems 21-24, find the polar moment of inertia 


I) = \| r°p(r, 0) dA = 1, + tI, 
R 
of the lamina that has the given shape and density. 


21. r= a; p(r, 0) = k (constant) [Hint: Use Problem 17 and the 
fact that I, = J,.] 

22. r= 0, 0=0<=7, y = 0; density at a point P proportional 
to the distance from the pole 

23. ro=1, }=0<1, r=1, r=3, y = 0; density at a point 
P inversely proportional to the distance from the pole [Hint: 
Integrate first with respect to 6.] 

24. r= 2acos 9; p(r, 8) = k (constant) 


In Problems 25-32, evaluate the given iterated integral by 
changing to polar coordinates. 


3 -V9-xX 
25. | | Vx? + y? dy dx 
—3J0 
V2/2 pVI-¥ y? 
| | Vix2 + y? 


1-V1-y 
27. | | e* +’ dx dy 
0 Jo 


Var Va-x 
28. | | sin(x? + y?) dy dx 
0 


1 4-x 9 2 -V4—4 2 
XxX xX 
Wine x + y 1 Jo x+y 


30. | | (1 — x? — y’) dxdy 
0. Jo 


26. dx dy 


1 iy 1 
er 
0 Jo 1+ e+ y’ 


33. The liquid hydrogen tank in the space shuttle has the form of 
a right circular cylinder with a semi-ellipsoidal cap at each 
end. The radius of the cylindrical part of the tank is 4.2 m. 
Find the volume of the tank shown in FIGURE 9.11.6. 


FIGURE 9.11.6 Fuel tank in Problem 33 


34. Evaluate ff, (x + y) dA over the region shown in FIGURE 9.11.7. 


FIGURE 9.11.7 Region R for Problem 34 


Discussion Problem 


35. The improper integral [> e* dxis important in the theory of 
probability, statistics, and other areas of applied mathematics. 
If J denotes the integral, then 


=| e* dx and -| ey dy 
0 0 
and consequently 


r= (| ear) (| dy) = | | e Hy) dy dy. 
0 0 0 Jo 


Discuss how to use polar coordinates to evaluate the last 
integral. Find the value of J. 


9.12 Green's Theorem 


INTRODUCTION One of the most important theorems in vector integral calculus relates 
a line integral around a piecewise-smooth simple closed curve C to a double integral over the 
region R bounded by the curve. 


I) Line Integrals Along Simple Closed Curves We say the positive direction around 
a simple closed curve C is that direction a point on the curve must move, or the direction a person 
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must walk on C, in order to keep the region R bounded by C to the left. See FIGURE 9.12.1(a). 
Roughly, as shown in Figure 9.12.1(b) and 9.12.1(c), the positive and negative directions cor- 
respond to the counterclockwise and clockwise directions, respectively. Line integrals on simple 
closed curves are written 


(a) Positive direction 


$ Po. y) dx + Q(x, y) dy, $ Pe y) dx + Q(x, y) dy, $ Fe. y) ds, 
G G GC 


and so on. The symbols $ and ¢ refer, in turn, to integrations in the positive and negative 
directions. " 


Theorem 9.12.1 Green’s Theorem in the Plane 


Suppose that C is a piecewise-smooth simple closed curve bounding a simply connected 
region R. If P, Q, dP/dy, and 0Q/ox are continuous on R, then 


iC 
$ Pax + Ody= \| (2 - ) as (1) 
GC x dy 
R 


(c) Negative direction 


(b) Positive direction 


PARTIAL PROOF: We shall prove (1) only for a region R that is simultaneously of Type I and 
FIGURE 9.12.1 Directions around curve C Type II: 


R: g(x) Sy S g(x), asxsb 
Rhy) SxSh(y), csySd. 


Using FIGURE 9.12.2(a), we have 


y 
Y= 8y(%) ; 
aP rene or 
— || —dA=- — dy dx 
f oy a Jgi(x) dy 
R 
| ; 
| | = -| [P(x, go(x)) — P(x, gi(x))] dx 
y=g) | . 
7 5 * b a (2) 
(a) R as a Type I region = | P(X, 81(x)) dx + | P(x, 8o(x)) dx 
y 
= ¢ P(x, y) dx. 
d Cc 
Similarly, from Figure 9.12.1(b), 
d phy) 
0 “at 
[a= |] eee 
Ox c Jh(y) Ox 
R 
x d 
(b) R as a Type II region = | [O(h2(y), y) — Q(h,(y), y)] dy 
FIGURE 9.12.2 Region R in Theorem 9.12.1 (3) 


d c 
= | O(ha(y), y) dy + | Q(h,(y), y) dy 
c d 


= ¢ Q(x, y) dy. 
c 


Adding the results in (2) and (3) yields (1). = 
The result given in (1) is named after George Green (1793-1841), an English mathemati- 


cian and physicist. The words in the plane suggest that the theorem generalizes to 3-space. It 
does—read on. 
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FIGURE 9.12.3 Subregions of R 


FIGURE 9.12.4 Curve C in Example | 


Although the foregoing proof is not valid, the theorem is applicable to more complicated 


regions, such as those shown in FIGURE 9.12.3. The proof consists of decomposing R into a finite 
number of subregions to which (1) can be applied and then adding the results. 


| EXAMPLE1 | Using Green’s Theorem 


Evaluate ¢. (x? — y’) dx + (2y — x) dy, where C consists of the boundary of the region in the 
first quadrant that is bounded by the graphs of y = x? and y = x°. 


SOLUTION If P(x, y) = x? — y’ and Q(x, y) = 2y — x, then aP/ay = —2y and aQ/ax = —1. 
From (1) and FIGURE 9.12.4, we have 


$ 2 -yyae+ (Qy — x) dy = |e 1 + 2y)dA 
Cc 


R 
“lhe 1 + 2y) dy dx 


ic yt a] dx 


° (—x® + x4 + dd an = 
x® x x? — SS a = 
“420 


We note that the line integral in Example | could have been evaluated in a straightforward 


manner using the variable x as a parameter. However, in the next example, ponder the problem 
of evaluating the given line integral in the usual manner. 


| EXAMPLE2 | Using Green’s Theorem 


y area 1S 


To-12 +(y-5 =4 


+++ * 


FIGURE 9.12.5 Circular curve C in 
Example 2 


Evaluate ¢, (x° + 3y) dx + (2x — e”) dy, where C is the circle (x — 1)? + (y — 5) =4 


SOLUTION Identifying P(x, y) = x° + 3y and Q(x, y) = 2x — e”, we have oP/ay = 3 and 
dQ/ax = 2. Hence, (1) gives 


¢ (x° + 3y) dx + (2x — e”)dy = |e — 3)dA = -{j dA. 
CG 


R R 


Now the double integral { J dA gives the area of the region R bounded by the circle of radius 2 
shown in FIGURE 9.12.5. Since the area of the circle is 72” = 477, it follows that 


$ (x> + 3y) dx + (2x — e” ) dy = —47. 
Cc 


| EXAMPLE3 | Work Done by a Force 


Cy? +y=1 


x 


FIGURE 9.12.6 Curve C in Example 3 
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Find the work done by the force F = (— 16y + sin x*)i + (4e” + 3x°)j acting along the simple 
closed curve C shown in FIGURE 9.12.6. 


SOLUTION From (12) of Section 9.8 the work done by F is given by 
w= F-dr -¢ (—16y + sin x’) dx + (4e” + 3x*) dy 
c c 


and so by Green’s theorem W = J fp (6x + 16) dA. In view of the region R, the last integral is 
best handled in polar coordinates. Since R is defined byO =r = 1, 7/4 = 6 = 37/4, 


3n/4 pl 
w= | | (6r cos 0 + 16) rdrdé 
0 


7/4 


32/4 1 
= | (2r? cos 6 + s)| dé 


1/4 0 


ie) 
WwW 
< 

| 
ie) 
II 


y 30/4 
a= | (2 cos @ + 8) dO = 4z. 


1/4 


Cyx=-2 


| EXAMPLE4 | Green's Theorem Not Applicable 


Let C be the closed curve consisting of the four straight line segments C), Cj, C3, Cy shown 
in FIGURE 9.12.7. Green’s theorem is not applicable to the line integral 


Cy x=2 


-2 


Q 
z 
Ul 


-y Pa 
FIGURE 9.12.7 Curve C in Example 4 $ ety? dx + ety dy 
since P, Q, dP/dy, and dQ/ox are not continuous at the origin. = 


il Region with Holes Green’s theorem can also be extended to a region R with “holes,” 
that is, a region bounded between two or more piecewise-smooth simple closed curves. In 
FIGURE 9.12.8(a) we have shown a region R bounded by a curve C that consists of two simple 
closed curves C, and C;; that is, C = C, U C). The curve C is positively oriented, since if we 
(a) traverse C; in a counterclockwise direction and C, in a clockwise direction, the region R is 
always to the left. If we now introduce crosscuts as shown in Figure 9.12.8(b), the region R is 
divided into two subregions, R, and R,. By applying Green’s theorem to R, and Rj, we obtain 


s [(2-s)a- J (2s) acs f (2a 


6 


R 
Cc; 
=$ Pdv+ Od + $ Part Od (4) 
(b) Cc, Cc, 
FIGURE 9.12.8 Boundary of R is ¢ 
= Pdx + Ody. 
C=C,UG aaa Ody 


The last result follows from the fact that the line integrals on the crosscuts (paths with opposite 
orientations) cancel each other. See (8) of Section 9.8. 


C 


| EXAMPLES | Region with a Hole 


Evaluate $ = dx + — dy, where C = C, U Cy is the boundary of the shaded 
Cx Fy Ko oy 


region R shown in FIGURE 9.12.9. 


ra 


ee x : os 
FIGURE 9.129 Boundary Cin Example 5 SOLUTION Because P(x, y) = age O(x, y) Tae and the partial derivatives 


oP y? — x? dO y° — x? 
oy (x? + yy’ Ox (x? + yy’ 


are continuous on the region R bounded by C, it follows from (4) that 
2 2 2 2 
—y x y = x y =X 
dx + w= ||| = dA = 0. = 
$ x2 + y? x2 + y? J (x? + yy (x? + yy 


As a consequence of the discussion preceding Example 5 we can establish a result for line 
integrals that enables us, under certain circumstances, to replace a complicated closed path with 
a path that is simpler. Suppose, as shown in FIGURE 9.12.10, that C,; and C, are two nonintersecting 
FIGURE 9.12.10 Curves C, and C, in (5) piecewise-smooth simple closed paths that have the same counterclockwise orientation. Suppose 


GS) 
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further that P and Q have continuous first partial derivatives such that 
ap _ a0 
oy Ox 
in the region R bounded between C, and C,. Then from (4) above and (8) of Section 9.8 we have 


$ rarrow+d Pdx+ Qdy=0 
G -C, 


or $ pax+ a= $ Pdc+ Ody (5) 


Cc, Cc 


| EXAMPLE6 | Example 4 Revisited 


Evaluate the line integral in Example 4. 


SOLUTION One method of evaluating the line integral is to write 


es . 


and then evaluate the four integrals on the line segments C,, C,, C3, and C,. Alternatively, if 
we note that the circle C’: x* + y’ = 1 lies entirely within C (see FIGURE 9.12.11), then from 
Example 5 it is apparent that P = —y/(x* + y’) and Q = x/(x? + y’) have continuous first 
partial derivatives in the region R bounded between C and C’. Moreover, 


oP y’ — x? dQ 


ay (x+y? ox 


FIGURE 9.12.11 Curves C and C’ in 


Example 6 in R. Hence, it follows from (5) that 


§ oat zs a= Tao 
Ce + yp ety cre ty? ety We 


Using the parameterization x = cos t, y = sin t, 0 =f < 27 for C’ we obtain 


2a 
¢ — i ae = 5 dy = | [ —sin t(—sin tf) + cos t(cos f)] dt 
cx ry x+y 0 


27 
= | (sin? t + cos? f) dt (6) 
0 


27 
= | dt = 27. 
0 


It is interesting to note that the result in (6): 


-y 7 
sdk +: 5 dy = 2 
$ x+y x+y y 
is true for every piecewise-smooth simple closed curve C with the origin in its interior. We need 
only choose C’ to be x* + y? = a’, where a is small enough so that the circle lies entirely within C. 


| 9.12 — Exercises Answers to selected odd-numbered problems begin on page ANS-24. 


In Problems 1-4, verify Green’s theorem by evaluating both 2 3x7y dx + (x? — 5y) dy = J Sp (2x — 3x?) dA, where C is 
integrals. the rectangle with vertices (—1, 0), 1, 0), d, 1), (-1, 1D 
1. §. (x—y)dx + xydy = Sfx (y + 1) dA, where Cis the triangle 3. g. —y dx + x dy = SS (2x + 2y) dA, where C is the circle 
with vertices (0, 0), (1, 0), (1, 3) x=3costy=3sn40StS27 
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4. §. —2y° dx + 4xy dy = J Jp 8y dA, where C is the boundary 
of the region in the first quadrant determined by the graphs 
of y=0,y = Vx,y = —x +2 


In Problems 5—14, use Green’s theorem to evaluate the given 
line integral. 


5. ¢.2y dx + 5x dy, where Cis the circle (x — 1° + (y + 3) = 25 

6. 6.(xt y’) dx + (2x? — y) dy, where C is the boundary of the 
region determined by the graphs of y = x’, y = 4 

7. §, (x* — 2y*)dx + (2x* — y*)dy, where C is the circle 
r+y=4 

8 ¢. (x — 3y) dx + (4x + y) dy, where C is the rectangle with 
vertices (—2, 0), (3, 0), (3, 2), (—2, 2) 

9. . 2xy dx + 3xy’ dy, where C is the triangle with vertices 
C1, 2), (2, 2), (2, 4) 

10. ¢. e** sin 2y dx + e** cos 2y dy, where C is the ellipse 
9(x — 1)? + 4(y — 3) = 36 

11. gf. xy dx + x” dy, where C is the boundary of the region 
determined by the graphs of x = 0,x7 + y= 1,x=0 


12. 4. e* dx + 2tan™! x dy, where C is the triangle with vertices 
(0, 0), (0, 1), (—1, 1) 

13. ¢. 3y° dx + (xy + xy’) dy, where C is the boundary of the 
region in the first quadrant determined by the graphs of y = 0, 
x=y,x=1-y 

14. ¢. xy” dx + 3 cos y dy, where C is the boundary of the region 
in the first quadrant determined by the graphs of y = x7, y =° 


In Problems 15 and 16, evaluate the given integral on any piece- 
wise-smooth simple closed curve C. 

15. . ay dx + bx dy 16. gf. P(x) dx + Q(y) dy 

In Problems 17 and 18, let R be the region bounded by a piece- 
wise-smooth simple closed curve C. Prove the given result. 

17. ¢.xdy = —¢. ydx = areaofR 

18. 5 ¢. —ydx + x dy = areaofR 

In Problems 19 and 20, use the results of Problems 17 and 18 to 
find the area of the region bounded by the given closed curve. 


19. The hypocycloid x = acos*t, y = asin*t,a>0,0<t<27 
20. The ellipse x = acost,y=bsint,a>0,b>0,0StsS 27 
21. (a) Show that 


$ —y dx + x dy = xy. — my, 
c 


where C is the line segment from the point (x,, y,) to 


(>, V2). 

(b) Use part (a) and Problem 18 to show that the area A of a 
polygon with vertices (x,, y)), (X2, 2), --+» (X%»Y,), labeled 
counterclockwise, is 


1 1 
A= 2 (X1¥2 — XY) + 2 (X23 — X32) Fo 


1 1 
+ 2 (X11 ~ XnYn—v) + 2 (XnY1 ~ X1Yq)- 


22. Use part (b) of Problem 21 to find the area of the quadrilateral 
with vertices (—1, 3), (1, 1), (4, 2), and (3, 5). 


In Problems 23 and 24, evaluate the given line integral where 
C = C, U Cy is the boundary of the shaded region R. 


23. ¢. (4x? — y’) dx + (x3 + y’) dy 


f Cywty=4 


Cy 2 +y2=1 


FIGURE 9.12.12 Boundary C for Problem 23 


24. §. (cosx* — y)dx + Vy? + ldy 


y 


Cy: 4x2 + y?2 = 16 


FIGURE 9.12.13 Boundary C for Problem 24 


In Problems 25 and 26, proceed as in Example 6 to evaluate the 
given line integral. 


—yidx + xy’d 
25. $ er , Where C is the ellipse x* + 4y’ = 4 
C x y 


—y + 1 

26. ) ey Fadao) oa ee —* dy, where C is the 
c (x + ly + 4y° (x + 1) + 4y 
circle x? + y’ = 16 

In Problems 27 and 28, use Green’s theorem to evaluate the 


given double integral by means of a line integral. [Hint: Find 
appropriate functions P and Q.] 


27. Sp x° dA; R is the region bounded by the ellipse 
xr/19+ y/4=1 


28. fe [1 — 2(y — 1)] dA; R is the region in the first quadrant 


bounded by the circle x7 + (y — 1)? = landx =0 


In Problems 29 and 30, use Green’s theorem to find the 
work done by the given force F around the closed curve in 
FIGURE 9.12.14. 


2. F=(x-yit@ty)j 30. F = —xy it xyj 


y 


FIGURE 9.12.14 Curve for Problems 29 and 30 
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31. Let P and Q be continuous and have continuous first partial the region are given by 


32. 


curve C in the region. 


derivatives in a simply connected region of the xy-plane. If 
S2P dx + Q dy is independent of the path, show that 1 


1 
: : ? x= x? dy, y= -— y? dx. 
¢. Pdx + Qdy = Oonevery piecewise-smooth simple closed 2A Jc 2A Jc 
Let R be a region bounded by a piecewise-smooth simple 33. Find the work done by the force F = —yi + xj acting along 
closed curve C. Show that the coordinates of the centroid of the cardioid r = 1 + cos 0. 


9.13 Surface Integrals 


INTRODUCTION In the xy-plane, the length of an arc of the graph of y = f(x) from x = a 
to x = bis given by the definite integral 


b 
s= | 1+ (2) « (1) 


The problem in three dimensions, which is the counterpart of the arc length problem, is to find 
the area A(s) of that portion of the surface S given by a function z = f(x, y) having continuous 
first partial derivatives on a closed region R in the xy-plane. Such a surface is said to be smooth. 


Il Surface Area Suppose, as shown in FIGURE 9.13.1(a), that an inner partition P of R is formed 
using lines parallel to the x- and y-axes. P then consists of n rectangular elements R, of area 
AA, = Ax,Ay, that lie entirely within R. Let (x; y,, 0) denote any point in an R,. As we see in 
Figure 9.13.1(a), by projecting the sides of R, upward, we determine two quantities: a portion or 
patch S;, of the surface and a portion 7; of a tangent plane at (x; y;,, f(x y;,)). It seems reasonable 
to assume that when R, is small, the area AT), of T;, is approximately the same as the area A S, of S;. 


portion of surface 
z=f(x, y) overR 


ig 


Op Vo FX 
it 
TiN 
| Sk | 
| i 
H | 
H I 
y 
| (tp Ye 9) 
~ 
| 
Ax, [7 
Op Yer 0) Ry. R ‘ V Ry 
x 7 AY, 
(a) (b) Enlargement of 
R,, S;, and T; 


FIGURE 9.13.1 What is the area of the surface above R? 
To find the area of 7; let us choose (x;, y,, 0) at a corner of R, as shown in Figure 9.13.1(b). 
The indicated vectors u and v, which form two sides of 7;, are given by 
u = Ax,i+ fx, y,) Ax,k, 
¥— Ayxj + fie Yi) Ay,k, 
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4% ++ 2=a 


FIGURE 9.13.2 Portion of a sphere in 
Example | 


where f,%, y,) and f,(x;, y;,) are the slopes of the lines containing u and v, respectively. Now from 
(16) of Section 7.4 we know that AT, = ||u X v|| where 


i j k 
u Xv =| Ax, 0 f.pyAx | = L-f.Gr yi - AQ yj + kJAx, Ay, 
0 Ay, AY AVE 


In other words, 


AT, = Vi F.Gn yo? + LA Op EP + 1 Ax Ay, 


= V1+ [fiG@e ww? + [iG WI AAr 


Consequently, the area A is approximately 


> V1+ [f£.Gn FP + L&G@e WP AA 
=1 


Taking the limit of the foregoing sum as || P|| > 0 leads us to the next definition. 


Definition 9.13.1 Surface Area 


Let f be a function for which the first partial derivatives f, and f, are continuous on a closed 
region R. Then the area of the surface over R is given by 


A(S) = \| V1+([f@nP +1 f,@, y))? dA. (2) 


R 


One could have almost guessed the form of (2) by naturally extending the one-variable structure 
of (1) to two variables. 


| EXAMPLE1 | Surface Area 


Find the surface area of that portion of the sphere x” + y? + 2” = a’ that is above the xy-plane 
and within the cylinder x* + y* = b’,0<b<a. 


SOLUTION If we define z = f(x, y) by f(x, y) = Va? — x? — y’, then 


— -y 
FAX y) ~ a; _ a _ ¥ and AO, y) a = = at = y 
me 
and so Li LG PLLG 0) == —3— 
a—-x°-y 
‘ a 
Hence, (2) is A(S) = \| dA, 
} a x2 —y¥ 


where R is indicated in FIGURE 9.13.2. To evaluate this double integral, we change to polar 
coordinates: 


A(S) 


2a rb 
a| | (a? — r?)~'?r dr dO 
0 Jo 


2a 
0 


27 b 

a| Ea - ry | dd = aa — Va? - »| do 
0 0 

= 2ma(a — Va? — b’) square units. 
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I| Differential of Surface Area The function 


dS = V1+ [fF + L6G, PF dA (3) 
is called the differential of the surface area. We will use this function in the discussion that follows. 


Il| Surface Integral As we have seen, a double integral 


\| f(x, y) dA 


R 
z As, Gbyb dD is a generalization of the definite integral [? f(x) dx. The surface area integral (2) is a generaliza- 
tion of the arc length integral (1). We are now going to consider a generalization of the line 

x Si integral {. G(x, y) ds. This generalization is called a surface integral. 


1. Let w = G(x, y, z) be defined in a region of 3-space that contains a surface S, which is the 
graph of a function z = f(x, y). Let the projection R of the surface onto the xy-plane be either 
a Type I or a Type II region. 
2. Divide the surface S into n patches S, with areas A S, that correspond to a partition P of R 
y into n rectangles R, with areas AA,. 
3. Let ||P|| be the norm of the partition or the length of the longest diagonal of the R;. 
4. Choose a sample point (x;, y;, Z,) on each patch S, of surface area. See FIGURE 9.13.3. 


| EE 
PT SVL 
Yah 


5. Form the sum » GOs Fink) BS 
FIGURE 9.13.3 Sample point on Ath patch a 


Definition 9.13.2 Surface Integral 


Let G be a function of three variables defined over a region of 3-space containing the surface 
S. Then the surface integral of G over S is given by 


\| G(x, y, Zz) dS = fee Ge Vio ra) AS. (4) 
OU k=1 
S 


Hi Method of Evaluation If G,f, f,, and Fy are continuous throughout a region containing 
S, we can evaluate (4) by means of a double integral. From (3) the left side of (4) becomes 


\| G(x, y, z) dS = \| G(x, y, fl yV1 + LAG WP + LAG PF aA. (5) 
AY R 


Note that when G = 1, (5) reduces to formula (2) for surface area. 


Il| Projection of S into Other Planes If y = g(x, z) is the equation of a surface S that 
projects onto a region R of the xz-plane, then 


|| G(x, y, z) dS = \| G(x, g(x, 2), aval + [e-@, 2)? + [eG oP aA. (6) 
S R 


Similarly, if x = h(y, z) is the equation of a surface that projects onto the yz-plane, then the 
analogue of (5) is 


\| G(x, y, 2) dS = \| Gy, 2.%.V1 + [hO. DP + [h.G, D7 aA. (7) 
Ss R 


I| Mass of a Surface Suppose p(x, y, z) represents the density of a surface at any point, or 
mass per unit surface area; then the mass m of the surface is 


m= \| p(x, y, z) dS. (8) 


s 
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x24+y2=4 or r=2 
x 


FIGURE 9.13.4 Surface in Example 2 


y=2x2+1 
FIGURE 9.13.5 Surface in Example 3 


z 


(a) Two-sided surface 


(b) One-sided surface 


FIGURE 9.13.6 Oriented surface in (a); 
non-oriented surface in (b) 


| EXAMPLE2 | Mass of a Surface 


Find the mass of the surface of the paraboloid z = 1 + x + y’ in the first octant for 1 < z= Sif 
the density at a point P on the surface is directly proportional to its distance from the xy-plane. 


SOLUTION The surface in question and its projection onto the xy-plane are shown in 
FIGURE 9.13.4. Now, since p(x, y, z) = kzandz=1+ x? t+ a (8) and (5) give 


m= \| kz dS = ‘|| (1 + x? + y)V1 + 4x? + 4y? dA. 


Ss R 


By changing to polar coordinates, we obtain 


m/2 2 
m= | | (d+ r2)V1 + 4r? rdr do 
0 Jo 
m/2 2 
- ‘| | [rl + 4r?)'? + r3(1 + 4r?)'?] dr d@ — < integration by parts 
0 Jo 


a/2 2 
1 1 1 
- ‘| Aa + 4p? + a ary — i + aie dd 
b [12 12 120 


0 


kar a i 3 


= 30.16 k. 
2 12 120 a ae 


| EXAMPLE3 | Evaluating a Surface Integral 


Evaluate Jf xz? dS, where S is that portion of the cylinder y = 2x? + 1 in the first octant 
bounded by x = 0, x = 2,z = 4, andz = 8. 


SOLUTION We shall use (6) with g(x, z) = 2x” + 1 and R the rectangular region in the 
xz-plane shown in FIGURE 9.13.5. Since g,(x, z) = 4x and g(x, z) = 0, it follows that 


28 

|[ eras = [| x27V 1 + 16x? dz dx 
0 J4 

S 


2.3 8 2 
— 448 
= | 2 A/ 4 160" dx = =| x(1 + 16x2)"/? dx 
0 3 4 3 0 


2 
= 4 16x)" = 3 [65% — 1] ~ 16273. = 
9 0 9 

[| Orientable Surfaces In Example 5, we are going to evaluate a surface integral of a vec- 
tor field. In order to do this we need to examine the concept of an orientable surface. Roughly, 
an orientable surface S, such as that given in FIGURE 9.13.6(a), has two sides that could be painted 
different colors. The Mobius strip* shown in Figure 9.13.6(b) is not an orientable surface and 
is one-sided. A person who starts to paint the surface of a Mobius strip at a point will paint the 
entire surface and return to the starting point. 

Specifically, we say a smooth surface S is orientable or is an oriented surface if there ex- 
ists a continuous unit normal vector function n defined at each point (x, y, z) on the surface. 
The vector field n(x, y, z) is called the orientation of S. But since a unit normal to the surface 
S at (x, y, z) can be either n(x, y, z) or —n(x, y, z), an orientable surface has two orientations. 
See FIGURE 9.13.7(a)—(c). The Mobius strip shown again in Figure 9.13.7(d) is not an oriented 
surface, since if a unit normal n starts at P on the surface and moves once around the strip on the 
curve C, it ends up on the “opposite side” of the strip at P and so points in the opposite direction. 


*To construct a Mobius strip cut out a long strip of paper, give one end a half-twist, and then attach the 
ends with tape. 
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A surface S defined by z = f(x, y) has an upward orientation (Figure 9.13.7(b)) when the unit 
normals are directed upward—that is, have positive k components, and it has a downward 
orientation (Figure 9.13.7(c)) when the unit normals are directed downward—that is, have 
negative k components. 


(b) (c) (d) 


FIGURE 9.13.7 Upward orientation in (b); downward orientation in (c) 


If a smooth surface S is defined by g(x, y, z) = 0, then recall that a unit normal is 


1 
= —— Vz, (9) 
"Wve 8 


0g. 
where Vg = ag | + 
x 


Cs) ) 
i jt . k is the gradient of g. If S is defined by z = f(x, y), then we can 
Z 


use g(x, y, Z) = z — f(x, y) = 0 or g(x, y, z) = f(x, y) — z = 0 depending on the orientation of S. 
As we shall see in the next example, the two orientations of an orientable closed surface are 
outward and inward. 


| EXAMPLE4 | Orientations of a Surface 


Consider the sphere of radius a > 0: x7 + y’ + 2° = a’. If we define g(x, y, z) =x* + y+ 
2 2 
z —a’,then 


Vg = 2xit+ 2yj+2zk and |/Vel| = V4x? + dy? + 42? = 2a. 


Then the two orientations of the surface are 


n=-f42j 42k and ee —n = —“i- 7 j= 2k 
a a a a a a 
FIGURE 9.13.8 Sphere in Example 4 The vector field n defines an outward orientation, whereas n, = —n defines an inward 
orientation. See FIGURE 9.13.8. = 
a He [| Integrals of Vector Fields IfF(, y,z = P(x, y,di+ Ox, y, Dj + Ry, Dkis the 


; velocity field of a fluid, then, as we saw in Figure 9.7.3, the volume of the fluid flowing through 
yj an element of surface area AS per unit time is approximated by 
~ (height)(area of base) = (comp, F) AS = (F - n) AS, 


where n is a unit normal to the surface. See FIGURE 9.13.9. The total volume of a fluid passing 
through S per unit time is called the flux of F through S and is given by 


flux = || (F-n)ds. (10) 


Ss 


In the case of a closed surface S, if n is the outer (inner) normal, then (10) gives the volume of 
FIGURE 9.13.9 Surface S in (10) fluid flowing out (in) through S per unit time. 
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| EXAMPLES | Flux Through a Surface 


Let F(x, y, z) = zj + zk represent the flow of a liquid. Find the flux of F through the surface S 
given by that portion of the plane z = 6 — 3x — 2y in the first octant oriented upward. 


SOLUTION The vector field and the surface are illustrated in FIGURE 9.13.10. By defining the plane 
by g(x, y, z) = 3x + 2y + z— 6 = 0, we see that a unit normal with a positive k component is 


Veg 3 2 


. . 


1 
= = + + — =k, 
vel Via Via Vid 
1 
flux = | ce-mas = —— \| 3z dS. 
S Vi4 S 


With R the projection of the surface onto the xy-plane, we find from (10) that 


i 
= —— || 36 — 3x — 2y(V14dA 
va || x y)( ) 


2 p3—3x/2 
-3[ | (6 — 3x — 2y) dy dx = 18. S 
0 Jo 


n 


Hence, 


flux 
iN 
3x+2y=6 


x 


FIGURE 9.13.10 Surface in Example 5 


Depending on the nature of the vector field, the integral in (10) can represent other kinds 
of flux. For example, (10) could also give electric flux, magnetic flux, flux of heat, and so on. 


REMARKS 


If the surface S is piecewise defined, we express a surface integral over S as the sum of the 
surface integrals over the various pieces of the surface. For example, suppose S is the orient- 
able piecewise-smooth closed surface bounded by the paraboloid z = x + y’ (S,) and the 
plane z = 1 (S}). Then the flux of a vector field F out of the surface S is 


[renas [rena rns 


5, & 
where we take S; oriented upward and S, oriented downward. See FIGURE 9.13.11 and Problem 35 
in Exercises 9.13. 


FIGURE 9.13.11 Piecewise-defined 
surface 


| 9.13 — Exercises Answers to selected odd-numbered problems begin on page ANS-24. 


1. Find the surface area of that portion of the plane 8. Find the surface area of that portion of the graph of z = x? — y* 
2x + 3y + 4z = 12 that is bounded by the coordinate planes that is in the first octant within the cylinder x? + y? = 4. 
in the first octant. 9. Find the surface area of the portions of the sphere 
2. Find the surface area of that portion of the plane xe + y + z? = d@ that are within the cylinder xe + yr" = ay. 
2x + 3y + 4z = 12 that is above the region in the first quad- 10. Find the surface area of the portions of the cone 
ECU Dy Meee a, 2 = 2 + y?) that are within the cylinder (x — 1)? +? = 1. 
3. Find the surface area of that portion of the cylinder x“ + z“ = 16 : ; : fe 
‘ ie 11. Find the surface area of the portions of the cylinder 
that is above the region in the first quadrant bounded on the 4 on a : Do 2 ad pees 
pephectee 0 F— 80.5. yok z=a that are within the cylinder x* + y" = a’. [Hint: 
4. Find the surface area of that portion of the paraboloid pee apne Ot 
z= x? + y? that is below the plane z = 2. 12. Use the result given in Example | to prove that the surface 
5. Find the surface area of that portion of the paraboloid area of a sphere of radius a is 47a’. [Hint: Consider a limit 
z=4-— x’ — y’ that is above the xy-plane. as b> a.] 
6. Find the surface area of those portions of the sphere 13. Find the surface area of that portion of the sphere 
x? + y + z? = 2 that are within the cone 7 = x* + y’. x + y° + z° = ar that is bounded between y = c, and y = c, 
7. Find the surface area of the portion of the sphere 0 <c¢, <c, <a. [Hint: Use polar coordinates in the xz-plane. | 
x° + y? + z* = 25 that is above the region in the first quad- 14. Show that the area found in Problem 13 is the same as the surface 


rant bounded by the graphs of x = 0, y = 0, 4x? + y? = 25. 
[Hint: Integrate first with respect to x. ] 


area of the cylinder x* + z? = a* between y = c, and y = cy. 
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In Problems 15-24, evaluate the surface integral ff; G(x, y, z) dS. 


15. G(x, y, z) = x; S the portion of the cylinder z = 2 — x” in the 
first octant bounded by x = 0, y = 0,y =4,z=0 

16. G(x, y, z) = xv(9 — 4z); same surface as in Problem 15 

17. G(x, y, Z) = xz>; § the cone z= Vx? + y’ inside the cylinder 
r+y=1 

18. G(x, y,z) =x + y + z; S the cone z = Vx + ye between 
z=landz=4 

19. G(x, y, z) = (x* + y’)z; S that portion of the sphere 
x° + y + z? = 36 in the first octant 

20. G(x, y, z) = 2; S that portion of the plane z = x + 1 within 
the cylinder y= 1 —x7,0<y<1 

21. G(x, y,z) = xy; S that portion of the paraboloid 2z = 4 — x* — y’ 
withn0=x=1,0sy=1 

22. G(x, y,z) = 2z; S that portion of the paraboloid 2z = 1 +. x* + y? 
in the first octant bounded by x = 0, y = V3x,z= 1 

23. G(x, y, z) = 24 Vyz: S that portion of the cylinder y = x? in 
the first octant bounded by y = 0, y = 4,z = 0,z = 3 

24. G(x, y, z) = (1 + 4y’ + 4z’)'”; § that portion of the para- 
boloid x = 4 — y’ — z’ in the first octant outside the cylinder 
y +7=1 


In Problems 25 and 26, evaluate f J; (3z7 + 4yz) dS, where S is 
that portion of the plane x + 2y + 3z = 6 in the first octant. Use 
the projection of S onto the coordinate plane indicated in the 
given figure. 


25. 


26. 


FIGURE 9.13.13 Region R for Problem 26 


In Problems 27 and 28, find the mass of the given surface with 
the indicated density function. 


27. S that portion of the plane x + y + z = | in the first octant; 
density at a point P directly proportional to the square of the 
distance from the yz-plane 


28. S the hemisphere z = V4 — x? — y’; p(x, y, z) = Ixyl 
In Problems 29-34, let F be a vector field. Find the flux of F 
through the given surface. Assume the surface S is oriented upward. 


29. F = xi + 2zj + yk; S that portion of the cylinder y* + 7 = 4 
in the first octant bounded by x = 0,x = 3, y = 0,z=0 
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30. 


31. 
32. 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


43. 


F = zk; S that part of the paraboloid z = 5 — x? — y’ inside 
the cylinder x? + y? =4 

F = xi + yj + zk; same surface S as in Problem 30 

F = —x*yi + yz*j + xy°k; S that portion of the plane z = x + 3 
in the first octant within the cylinder x? + y? = 2x 

F = 5x°i + }y’j + zk; S that portion of the paraboloid 
z=4-yY-yfor0s7=4 

F =e i+ e*j + 18yk; S that portion of the plane x + y + z=6 
in the first octant 

Find the flux of F = y’i + xj + 5zk out of the closed 
surface S given in Figure 9.13.11. 

Find the flux of F = —yi + xj + 62’k out of the closed surface 
S bounded by the paraboloids z = 4 — x? — yYandz=2x° + y’. 
Let T(x, y, z) = x? + y’ + z? represent temperature and let 
the “flow” of heat be given by the vector field F = —VT. 
Find the flux of heat out of the sphere x? + y? + z? = a’. 
[Hint: The surface area of a sphere of radius a is 47ra’.] 
Find the flux of F = xi + yj + zk out of the unit cube 
O0=x=1,0Sy=1,0=2z= 1. See FIGURE 9.13.14. Use the 


fact that the flux out of the cube is the sum of the fluxes out 
of the sides. 


FIGURE 9.13.14 Cube in Problem 38 


Coulomb’s law states that the electric field E due to a point 
charge q at the origin is given by E = kgrilirll’, where k is a 
constant and r = xi + yj + zk. Determine the flux out of a 
sphere x? + y? + 27 =a”. 

If a(x, y, z) is charge density in an electrostatic field, then the 
total charge on a surface Sis O = f J; o(x, y, z) dS. Find the total 
charge on that part of the hemisphere z = V16 — x* — y* 
that is inside the cylinder x* + y’ = 9 if the charge density 
at a point P on the surface is directly proportional to distance 
from the xy-plane. 

The coordinates of the centroid of a surface are given by 


SSsx dS __ SSsy dS - _ SSszds 
A(S) ° A(S) * A(S) ” 
where A(S) is the area of the surface. Find the centroid of that 


portion of the plane 2x + 3y + z = 6 in the first octant. 
Use the information in Problem 41 to find the centroid of the 


hemisphere z = Va? — x? — y. 

Let z = f(x, y) be the equation of a surface S and F be the 
vector field F(x, y, z) = P(x, y,z)i+ Q(x, y, z)j + RG, y, zk. 
Show that ff; (F - n) dS equals 


OZ dz 

|| [Pe y, 2) — — Ox, y, z) — + R(x, y, z)| dA. 
Ox oy 

R 


FIGURE 9.14.1 Boundary C of surface S$ 
has positive orientation 


9.14 Stokes’ Theorem 


INTRODUCTION Green’s theorem of the preceding section has two vector forms. In this 
and in Section 9.16 we shall generalize these forms to three dimensions. 


[| Vector Form of Green’s Theorem If F(x, y) = P(x, y)i + O(a, y)j is atwo-dimensional 
vector field, then 


i j k 
0 0 0 oP 
curlF = V X F= -(%- ) 
Cd) oy oz Ox dy 
P @Q 0O 


From (12) and (13) of Section 9.8, Green’s theorem can be written in vector notation as 


PF de =P F-Tds = |] coum) a (1) 
iC C 


R 


that is, the line integral of the tangential component of F is the double integral of the normal 
component of curl F. 


Hi Green’s Theorem in 3-Space The vector form of Green’s theorem given in (1) 
relates a line integral around a piecewise-smooth simple closed curve C forming the bound- 
ary of a plane region R to a double integral over R. Green’s theorem in 3-space relates a 
line integral around a piecewise-smooth simple closed curve C forming the boundary of a 
surface S with a surface integral over S. Suppose z = f(x, y) is a continuous function whose 
graph is a piecewise-smooth orientable surface over a region R on the xy-plane. Let C form 
the boundary of S and let the projection of C onto the xy-plane form the boundary of R. The 
positive direction on C is induced by the orientation of the surface S; the positive direction 
on C corresponds to the direction a person would have to walk on C to have his or her head 
point in the direction of the orientation of the surface while keeping the surface to the left. 
See FIGURE 9.14.1. More precisely, the positive orientation of C is in accordance with the 
right-hand rule: If the thumb of the right hand points in the direction of the orientation of the 
surface, then roughly the fingers of the right hand wrap around the surface in the positive 
direction. Finally, let T be a unit tangent vector to C that points in the positive direction. 
The three-dimensional form of Green’s theorem, which we now give, is called Stokes’ 
theorem after the Irish mathematical physicist George G. Stokes (1819-1903). 


Theorem 9.14.1 Stokes’ Theorem 


Let S be a piecewise-smooth orientable surface bounded by a piecewise-smooth simple closed 
curve C. Let F(x, y, z) = P(, y, z)i + Q(, y, z)j + RQ, y, z)k be a vector field for which P, 
Q, and R are continuous and have continuous first partial derivatives in a region of 3-space 
containing S. If C is traversed in the positive direction, then 


PF -de = $ Tyas = || cont) -nas, (2) 
G c 


S 
where n is a unit normal to S in the direction of the orientation of S. 


PARTIAL PROOF: Suppose the surface S is oriented upward and is defined by a function 
z = f(x, y) that has continuous second partial derivatives. From Definition 9.7.1 we have 


oR dQ\, oP OR\, oO + OP 
curl F = | — — —}i+ |— - — }]j+|— - —]k 
oy 0z Oz Ox Ox oy 
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Furthermore, if we write g(x, y, z) = z — f(x, y) = 0, then 


Vg ax dy 


n= = : 
ml @+@ 
Ox oy 
Hence, 


|fccon F)-ndS = \| (2 - 2) af — (z - af) af + (<2 — FY Naa (3) 
dy 0z J Ox 0z 0x / oy Ox oy 
S R 


Our goal is now to show that ¢. F - dr reduces to (3). 
If C,, is the projection of C onto the xy-plane and has the parametric equations x = x(t), y = y(t), 
a=t=b, then parametric equations for C are x = x(t), y = y(), z = f(x), yO), a= t S b. Thus, 


$ Peat = $ Pas + Qdy + Rdz 
c G 


b 

d d of dx afd 

=| |p a +O y + R( f + f a) dt < Chain Rule 
S dt dt ox dt oy dt 


-$ (e+e )a+ (ore) (4) 
Cy Ox oy 
= || F (c + na) _ 2(p + r#)| dA. <—Green’s theorem 
Ox oy oy Ox 
R 


Now, 
a af a of 
5, (2 + Ro] = | OG, yf y) + RO, y, fC y) -—- 
Ox oy Ox oy 
a aQ a a af (oR . oRA 
- Q ae Q of +R id rs a( 4 f) ~_ Chain and (5) 
ax dz Ox dxdy  dy\ax dz ax Product Rules 
a aQ a a aR of aR af a 
90, a, HF , Raf , Raf af 
Ox OZ OX Ox dy Ox Oy 0z Oy Ox 
Similarly, 
a a aP oP a a aR af — aR af a 
(p+ 2%) - + Tur an ts oe (6) 
0) Ox oy 0z Oy oy Ox dy Ox 0z Ox Oy 


Subtracting (6) from (5) and using the fact that arflaxdy = aflayax, we see that (4) becomes, after 


rearranging, 
oR 9@ 0 dP OR\ 9 0 
ig sa al sas) ean 
oy 0z / Ox 0z 0x / oy Ox oy 
R 


This last expression is the same as the right side of (3), which was to be shown. = 


| EXAMPLE1 | Verifying Stokes’ Theorem 


Let S be the part of the cylinder z = 1 — x? forO <x <1, —-2 Sy S2. Verify Stokes’ theorem 
for the vector field F = xyi + yzj + xzk. Assume S is oriented upward. 


SOLUTION The surface S, the curve C (which is composed of the union of C,, Cy, C3, and 
C,), and the region R are shown in FIGURE 9.14.2. 
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Surface Integral: From F = xyi + yzj + xzk, we find 


i j k 
nr ar) ae 
curl F = = —-yi-—zj—-<xk. 
ox ody Oz 
XY YE XE 


Si:z=1l—-2x2,0<x<1, 
—2<ys<2 


(a) (b) 


FIGURE 9.14.2 Surface S and region R in Example 1 


Now, if g(x, y, z) = z + x” — 1 = 0 defines the cylinder, then the upper normal is 


Vg 2xi + k 


n= = 7 
IVel Vax? 41 
Theref |[c 1F-n) dS \| aay? ag 
ererore, cur. “nh = 
Z V4x7 +1 


To evaluate the latter surface integral, we use (5) of Section 9.13: 


\| ice) a |[c 2 ) dA 
——————$—s =Z4V "= xX. 
- V4x?2 + 1 ? 


II 
° — 
— 
ne i) 
7 
NO 
Ss 
| 
ta 
w~ 
& 
> 


1 
= | (—4x) dx = —2. 
0 


Line Integral: We write §. = J. + So, + So, + Se. 


On C;: x = 1, z = 0, dx = 0, dz = 0, so 
| y(0) + y(0) dy + 0 = 0. 
Cc 


On C,: y = 2,z = 1 — x’, dy = 0, dz = —2x dx, so 


0 


| 2x dx + 2(1 — x7)0 + x(1 — x*)(—2x dx) = | (2x — 2x? + 2x4) dx = -—. 
G 1 


9.14 Stokes’ Theorem 


561 


(7) 


FIGURE 9.14.3 Curve C in Example 2 


FIGURE 9.14.4 Curve C, and surface S, 


in (8) 


562 


On C;: x = 0, z = 1, dx = 0, dz = 0, so 


-2 
| 0+ ya to=| ydy=0. 
C; 


On Cy: y = —2,z = 1 — x’, dy = 0, dz = —2x dx, so 


1 


19 
| —2x dx — 211 — x)0 + x(1 — x’)\(—2x dx) -| (—2x — 2x7 + 2x4) dx = ar 
G, F 
11 19 
Hence, de + yedy + xede= 0-H 0- Ba 
c 15 15 


which, of course, agrees with (7). 


| EXAMPLE2 | Using Stokes’ Theorem 


Evaluate ¢, zdx + x dy + y dz, where C is the trace of the cylinder x* + y* = 1 in the plane 
y + z = 2. Orient C counterclockwise as viewed from above. See FIGURE 9.14.3. 


SOLUTION IfF =zi+.xj + yk, then 


ij 
a biscs 
curl F = =i+j+k. 
x ody oO 
Z x y 


The given orientation of C corresponds to an upward orientation of the surface S. Thus, if 
g(x, y, Z) = y + z — 2 = 0 defines the plane, then the upper normal is 


Vg 


1 i 
= = —j+—k. 
IVsl VW2° v2 


n 


Hence, from (2), 
$F de = |[[a+i+w-(Li+ Sx) as 
c J Wa?" V2 


v2 || dS = v2] v2.44 - Qn. 


Note that if F is the gradient of a scalar function, then, in view of (5) in Section 9.7, (2) 
implies that the circulation ¢. F - dr is zero. Conversely, it can be shown that if the circula- 
tion is zero for every simple closed curve, then F is the gradient of a scalar function. In other 
words, F is irrotational if and only if F = Vd, where ¢ is a potential for F. Equivalently, 
this gives a test for a conservative vector field: 


F is a conservative vector field if and only if curl F = 0. 


I Physical Interpretation of Curl In Section 9.8 we saw that if F is a velocity field 
of a fluid, then the circulation ¢. F - dr of F around C is a measure of the amount by which the 
fluid tends to turn the curve C by circulating around it. The circulation of F is closely related to 
the curl of F. To see this, suppose P(x o, yo, Zo) is any point in the fluid and C, is a small circle 
of radius r centered at Py. See FIGURE 9.14.4. Then by Stokes’ theorem, 


$F ar || conf) -mas (8) 
C 


r 
S; 
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curl F(Pp) 


FIGURE 9.14.5 Paddle wheel 


FIGURE 9.14.6 Two surfaces with same 
boundary C 


Now at all points P(x, y, z) within the small circle C,, if we take curl F(P) ~ curl F(Pp), then 
(8) gives the approximation 


¢ F-dr = \| (curl F(P))) (Py) dS 
Gg 


: 
S, 


(curl F (Py)) - n(P)) || dS (9) 


S 


r 


(curl F(Po)) - n(Py) A,, 


where A, is the area (7rr’) of the circular surface S,. As we let r > 0, the approximation curl 
F(P) ~ curl F(P,) becomes better, and so (9) yields 


nine neh = tin ¢ F-dr. (10) 
r>0 A, en 


Thus we see that the normal component of curl F is the limiting value of the ratio of the circulation 
of F to the area of the circular surface. For a small but fixed value of r, we have 


(curl F(Py)) : n(Po) ~ rp F -dr. (11) 
A, C, 

Roughly then, the curl of F is the circulation of F per unit area. If curl F(P9) # 9, then the left- 
hand side of (11) is a maximum when the circle C,.is situated in a manner so that n(Po) points 
in the same direction as curl F(Po). In this case, the circulation on the right side of (11) will also 
be a maximum. Thus, a paddle wheel inserted into the fluid at Py will rotate fastest when its axis 
points in the direction of curl F(P,). See FIGURE 9.14.5. Note, too, that the paddle wheel will not 
rotate if its axis is perpendicular to curl F(Pp). 


REMARKS 


The value of the surface integral in (2) is determined solely by the integral around its bound- 
ary C. This basically means that the shape of the surface S is irrelevant. Assuming that the 
hypotheses of Theorem 9.14.1 are satisfied, then for two different surfaces S, and S, with the 


same orientation and with the same boundary C, we have 


rear = \| (curl F)-ndS = \| (curl F)-n dS. 
€ 


5 Sy 


See FIGURE 9.14.6 and Problems 17 and 18 in Exercises 9.14. 


| 9.14 Exercises Answers to selected odd-numbered problems begin on page ANS-24. 


In Problems 1-4, verify Stokes’ theorem. Assume that the 4, F=xi+yj+ zk; S that portion of the sphere x? + y? + z7 = 1 
surface S is oriented upward. forz 20 
1. F = 5yi — 5xj + 3k; S that portion of the plane z = | within In Problems 5-12, use Stokes’ theorem to evaluate ¢. F - dr. 


the cylinder x? + y° =4 


Assume C is oriented counterclockwise as viewed from above. 


2. F = 2zi — 3xj + 4yk; S that portion of the paraboloid 5. F = (22+ xit+(y — dj t+ («+ yk; C the triangle with 


z=16-—x*?-y'forz=0 


vertices (1, 0, 0), (0, 1, 0), (0, 0, 1) 


3. F=zi+xj+ yk; S that portion of the plane 2x + y+2z=6 6. F = z*y cos xyi + z*x(1 + cos xy)j + 2z sin xyk; C the 


in the first octant 


boundary of the plane z = 1 — y shown in FIGURE 9.14.7 on 
page 564. 
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FIGURE 9.15.1 Sample point in kth 
subregion 


x 


FIGURE 9.14.7 Curve C for Problem 6 


. F = xyi + 2yzj + xz k; C the boundary given in Problem 6 
. F= (4+ 2z)i + Gx + y)j + @y — z)k; C the curve of 


intersection of the plane x + 2y + z = 4 with the coordinate 
planes 

F = yi — x°j + 2k; C the trace of the cylinder x? + y? = 1 
in the planex+y+z=1 


. F=x’yit+ («+ y’)j + xy’z k; C the boundary of the surface 


shown in FIGURE 9.14.8 


x 


FIGURE 9.14.8 Curve C for Problem 10 


11. 


12. 


F = xi + xy’j + zk; C the boundary of the semi-ellipsoid 
Z= V4 — 4x? — y? in the plane z = 0 

F = zi+ xj + yk; C the curve of intersection of the plane 
x + y + z= Oand the sphere x* + y* + 2° = 1 [Hint: Recall 
that the area of an ellipse x?/a? + y*/b? = 1 is wrab.] 


In Problems 13-16, use Stokes’ theorem to evaluate 
JJ (curl F) - n dS. Assume that the surface S is oriented upward. 


13. 


14. 


15. 


F = 6yzi + Sxj + yze™ k; S that portion of the paraboloid 
z=jr+yfor0<=z7<=4 

F = yi + (y — x)j + 2k; S that portion of the sphere 
x+y4 (2-4) = 25 forz=0 

F = 3x°i + 8x*yj + 3xyk; S that portion of the plane z = x 
that lies inside the rectangular cylinder defined by the planes 
x=0,y=0,x=2,y=2 


. F = 2xy’zi + 2x7yzj + (x?y* — 6x)k; S that portion of the 


plane z = y that lies inside the cylinder x* + y* = 1 


. Use Stokes’ theorem to evaluate 


¢ ze" dx + xy’ dy + tan"! y dz 
c 
where C is the circle x* + y’ = 9, by finding a surface S with 
C as its boundary and such that the orientation of C is coun- 
terclockwise as viewed from above. 


. Consider the surface integral ff, (curl F) - n dS, where 


F = xyzk and S is that portion of the paraboloid 

z=1-.x?—Yy for z= 0 oriented upward. 

(a) Evaluate the surface integral by the method of Section 
9.13; that is, do not use Stokes’ theorem. 

(b) Evaluate the surface integral by finding a simpler surface 
that is oriented upward and has the same boundary as the 
paraboloid. 

(c) Use Stokes’ theorem to verify the result in part (b). 


9.15 | Triple Integrals 


INTRODUCTION  Thesteps leading to the definition of the three-dimensional definite integral 
or triple integral are quite similar to the steps leading to the definition of the double integral. 
Obvious differences: instead of a function of two variables we are integrating a function f of three 


entirely in D. 


variables, not over a region R in a coordinate plane, but over a region D of 3-space. 
1. Let w = F(x, y, z) be defined over a closed and bounded region D of space. 
2. By means of a three-dimensional grid of vertical and horizontal planes parallel to the coor- 
dinate planes, form a partition P of D into n subregions (boxes) D, of volumes AV, that lie 


3. Let ||P|| be the norm of the partition or the length of the longest diagonal of the D,. 
y 4. Choose a sample point (x;, y;, Z,) in each subregion D,. See FIGURE 9.15.1. 


5. Form the sum » FOR tne) Ave 
k=1 


A sum of the form >;-, F(x;, yj, 2.) AV, where (x;, y;, Z,) is an arbitrary point within each 
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D, and AV, denotes the volume of each D,, is called a Riemann sum. The type of partition used 
in step 2, where all the D, lie completely within D, is called an inner partition of D. 


Definition 9.15.1 The Triple Integral 


Let F be a function of three variables defined over a closed region D of 3-space. Then the 
triple integral of F over D is given by 


\I F(x, y, z) dV = oe, Sw yc AV, (1) 
20 K=1 
D 


As in our previous discussions on the integral, when F is continuous over D, the limit in 
(1) exists; that is, F is integrable over D. 


[| Evaluation by Iterated Integrals If the region D is bounded above by the graph 
of z = f,(x, y) and bounded below by the graph of z = f(x, y), then it can be shown that the 


B(x, y) 
"F(x, y, 2) dz; 


triple integral (1) can be expressed as a double integral of the partial integral 5, (sy) 


that is, 
A(X, y) 
| F(x, y, z) dV = \| | F(X, y, Z) a dA, 
fix, y) 
D 


R 
where R is the orthogonal projection of D onto the xy-plane. In particular, if R is a Type I region, 
then, as shown in FIGURE 9.15.2, the triple integral of F over D can be written as an iterated integral: 


b pal) phy) 
| F(x, y, z)dV = | | | F(x, y, z) dz dy dx. (2) 
a Yg if 
D 


10x) “fi y) 


z=fx% y) 


z=fi@ y) 


FIGURE 9.15.2 Geometric interpretation of (2) 


To evaluate the iterated integral in (2) we begin by evaluating the partial integral 
AQ Y) 
| F(x, y, 2) dz, 
‘f(x Y) 


in which both x and y are held fixed. 
In a double integral there are only two possible orders of integration: dy dx and dx dy. The 
triple integral in (2) illustrates one of six possible orders of integration: 


dzdydx, dzdxdy,  dydxdz, 
dx dydz,  dxdzdy, dy dzdx. 


The last two differentials tell the coordinate plane in which the region R is situated. For 
example, the iterated integral corresponding to the order of integration dx dz dy must have 
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the form 


d rka(y) choy, z) 
| F(x, y, 2) dV = | | F(x, y, z) dx dz dy. 
c Jki(y) Shy Qy, 2) 


D 
The geometric interpretation of this integral and the region R of integration in the yz-plane are 


shown in FIGURE 9.15.3. 
z=kp(y) 
Zz v4, 
rekon. “ §* 
/ ! 
a Y } 
| ry, | x 
/ 34 ta 
Da yp a \z=k(y) 
Pe N | 
KY | 
eX y | | 
---|1 7 | | y 
4 : : ) 
x x = hy(y, z) 


FIGURE 9.15.3 Integration: first x, then z, then y 


I Applications A list of some of the standard applications of the triple integral follows: 


Volume: If F(x, y, z) = 1, then the volume of the solid D is 


vf 


D 
Mass: If p(x, y, z) is density, then the mass of the solid D is given by 


m= \I p(x, y, z) dV. 


D 
First Moments: The first moments of the solid about the coordinate planes indicated by the 
subscripts are given by 


Sa || zp(x, y, 2) dV, Me = | yp(x, y, z) dV, 
D D 


M. 
M,, = | xp(x, y, z) dV. 


D 
Center of Mass: The coordinates of the center of mass of D are given by 


= My, = M (Z a M,y 
x= ’ y — > = . 
m m m 


Centroid: If p(x, y, z) = a constant, the center of mass is called the centroid of the solid. 


Second Moments: The second moments, or moments of inertia of D about the coordinate 
axes indicated by the subscripts, are given by 


i= | (? + 2p, y,2dV, I= \I (x? + 2p, yDdV, L= || (x? + y)p(x, y, z) dV. 
D D D 
Radius of Gyration: As in Section 9.10, if J is a moment of inertia of the solid about a given 
axis, then the radius of gyration is 


ean 
a m 


| EXAMPLE1 | Volume of a Solid 


Find the volume of the solid in the first octant bounded by the graphs of z = 1 — y*, y = 2x, 
and x = 3. 
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SOLUTION As indicated in FIGURE 9.15.4(a), the first integration with respect to z is from 0 to 
1 — y?. Furthermore, from Figure 9.15.4(b) we see that the projection of the solid D in the 


(a) (b) 


FIGURE 9.15.4 Solid D and region R of integration in Example 1 


xy-plane is a region of Type II. Hence, we next integrate, with respect to x, from y/2 to 3. The 
last integration is with respect to y from 0 to 1. Thus, 


173 rpl-y 
ve [fo [[ [aaa 
. 0 Jy/2 JO 


1 73 
-[| (1 — y’) dx dy 
0 


| EXAMPLE2 | Changing the Order of Integration 


Change the order of integration in 


6 p4—2x/3 73 —x/2-3y/4 
| | | F(x, y, z) dz dy dx 
0 JO 0 


to dy dx dz. 


SOLUTION As seen in FIGURE 9.15.5(a), the region D is the solid in the first octant bounded by 
the three coordinate planes and the plane 2x + 3y + 4z = 12. Referring to Figure 9.15.5(b) 
and the table, we conclude that 


6 r4—2x/3 73 —x/2-3y/4 
[| | Fox.y,2) dedy dx = | 
10 Jo 0 


3 p6—2z p4—2x/3 — 42/3 
| | F(x, y, z) dy dx dz. 
0 


0 0 


Order of First Second Third 
Integration Integration Integration Integration 
dz dy dx 0 to 3 — x/2 — 3y/4 0 to 4 — 2x/3 0 to6 
dy dx dz 0 to 4 — 2x/3 — 42/3 0 to 6 — 2z 0 to 3 
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FIGURE 9.15.5 Changing order of integration in Example 2 = 


Depending on the geometry of a region in 3-space, the evaluation of a triple integral over that 
region may be made easier by utilizing a new coordinate system. 


]| Cylindrical Coordinates The cylindrical coordinate system combines the polar descrip- 
tion of a point in the plane with the rectangular description of the z-component of a point in space. 
As seen in FIGURE 9.15.6(a), the cylindrical coordinates of a point P are denoted by the ordered triple 
(r, 0, z). The word cylindrical arises from the fact that a point P in space is determined by the intersec- 
tion of the planes z = constant and 6 = constant with a cylinder r = constant. See Figure 9.15.6(b). 


z = constant (plane) 


a= ee 


y 


r= constant 
(cylinder) 


@ = constant 
(plane) 


(a) (b) 
FIGURE 9.15.6 Cylindrical coordinates 
I| Conversion of Cylindrical Coordinates to Rectangular Coordinates From 


Figure 9.15.6(a) we also see that the rectangular coordinates (x, y, z) of a point can be obtained 
from the cylindrical coordinates (r, 6, z) by means of 


x=yreos@; yorsn@, <—z. (3) 


| EXAMPLE3 | Cylindrical to Rectangular Coordinates 


Convert (8, 77/3, 7) in cylindrical coordinates to rectangular coordinates. 


SOLUTION From (3), 


x= Boos, = 4, y = 8sin >= 4V3, z= 7. 


Thus, (8, 77/3, 7) is equivalent to (4, 4V3, 7) in rectangular coordinates. 


[| Conversion of Rectangular Coordinates to Cylindrical Coordinates To 
express rectangular coordinates (x, y, z) as cylindrical coordinates, we use 


re=x°t+y’, tan 9 = =, o=z: (4) 
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(2, V2, 1) | EXAMPLE4 | Rectangular to Cylindrical Coordinates 


or 
(2, 37/4, 1) Convert (— V2, V2, 1) in rectangular coordinates to cylindrical coordinates. 


SOLUTION From (4) we see that 
; ; V2 
r=(-V2~ + (V2 =4, tno = = 
-V2 


If we take r = 2, then, consistent with the fact that x < 0 and y > 0, we take 6 = 37/4.* 


Consequently, (172, V2, 1) is equivalent to (2, 37/4, 1) in cylindrical coordinates. See 
FIGURE 9.15.7. = 


Nv 


1 z=1. 


FIGURE 9.15.7 Converting rectangular to 

cylindrical coordinates in Example 4 
Il Triple Integrals in Cylindrical Coordinates Recall from Section 9.11 that the area 
of a polar rectangle is AA = r’ Ar AO, where r’ is the average radius. From FIGURE 9.15.8(a) we 
see that the volume of a cylindrical wedge is simply AV = (area of base)(height) = r° Ar A@ 
Az. Thus, if F(r, 0, z) is a continuous function over the region D, as shown in Figure 9.15.8(b), 
then the triple integral of F over D is given by 


fAr, 9) B 89) rftr, 8) 
| F(r, 0, z) dV = \| | F(r, 0, z) ae dA = | | | F(r, 0, z)r dz dr dé. 
2 a Eft) a Je(0) Jf(r, 8) 


z=f,(7, 8) 


z 


=f,(r.8) 


r= (0) 
(a) (b) 
FIGURE 9.15.8 Cylindrical wedge in (a); region D in (b) 
Center of Mass 
z A solid in the first octant has the shape determined by the graph of the cone z = Vx? + y? 
and the planes z = 1, x = 0, and y = O. Find the center of mass if the density is given by 
p(r, 0, z) =r. 
SOLUTION In view of (4), the equation of the cone is z = r. Hence, we see from FIGURE 
9.15.9 that 
m/2 pl pl 
m= | rdV = | | | r(r dz dr d@) 
0 0 Jr 
D 
m/2 71 1 
= | | re| dr dé 
0 0 fF 
x 7/2 71 
_ 2 3 ares 
FIGURE 9.15.9 Solid in Example 5 7 | | (r° — r°) dr dé = 24 
0 Jo 
*If we use 6 = tan '(—1) = —7/4, then we can use r = —2. Notice that the combinations r = 2, 
6 = —7/4 and r = —2, 6 = 37/4 are inconsistent. 
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n/2 pl pl 
M,, = | rav=| [| zr? dz dr dO 
0 0 Jr 
D 
1/2 12 1 
= | P| dr d@ 
0 0 2 r 


II 
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s— 
= 
i) 
° — 
—_ 
er 
tv 
| 
~s 
aN 
YS 
Q 
ie 
a 
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In the integrals for M,, and M,, we substitute y = r sin @ and x = r cos 0: 


a/2 rll 
M,, = Ga sin 6 dV = | | | r? sin @ dz dr dO 
0 0 Jr 


D 
a/2 1 1 

= | | r>zsin a dr d0 
0 0 r 


m/2 1 
| (r? — r*) sin @ dr dd = = 
20 


0 0 
m2 pl pl I 
M,, = || Peosoav = | [| r? cos 6 dz dr d0 = —. 
0 Jo J 20 
D 
Hence, 
My 20 Me _ (20 My _ 0/30 
8m W/m 2A me 24 


The center of mass has the approximate coordinates (0.38, 0.38, 0.8). 


I| Spherical Coordinates As seen in FIGURE 9.15.10(a), the spherical coordinates of a 
point P are given by the ordered triple (p, ¢, 6), where p is the distance from the origin to P, 


—_> 
is the angle between the positive z-axis and the vector OP, and @ is the angle measured from 


— — 

the positive x-axis to the vector projection OQ of OP.* Figure 9.15.10(b) shows that a point P 
in space is determined by the intersection of a cone ¢ = constant, a plane 6 = constant, and a 
sphere p = constant; whence arises the name “spherical” coordinates. 


@ =constant 


6 =constant 
(cone) 


(plane) 


p = constant 
(sphere) 
(a) () 
FIGURE 9.15.10 Spherical coordinates 
[| Conversion of Spherical Coordinates to Rectangular and Cylindrical 


Coordinates To transform from spherical coordinates (p, , @) to rectangular coordinates 
(x, y, z), we observe from Figure 9.15.10(a) that 


x=|OO0l|cos@, y=||OOl|sino,  z=||OP||cos¢. 


*@ is the same angle as in polar and cylindrical coordinates. 
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FIGURE 9.15.11 Spherical wedge 


Since |00| = psin @ and | OP| = p, the foregoing equations become 
x=psingcosé, y=psindsindé, z=pcos¢. (5) 
It is customary to take p = 0 and 0 = ¢ $7. Also, since |00| = p sin d = r, the formulas 
r=psind, @=0, z=pcosd, (6) 


enable us to transform from spherical coordinates (p, ¢, @) to cylindrical coordinates (r, 9, Z). 


| EXAMPLE6 | Spherical to Rectangular and Cylindrical Coordinates 


Convert (6, 7/4, 7/3) in spherical coordinates to rectangular coordinates and cylindrical 
coordinates. 


SOLUTION Identifying p = 6, d = 7/4, and 6 = 77/3, we find from (5) that 


3V2 3V6 
#= 6sin— 008 = = a y = 6sin 7 sin > = ve z= Geos 7 = 3V2. 


The rectangular coordinates of the point are (3V2/ 25 3V6/ 2s 3V2). 
From (6) we obtain 


r= sin = a2, 0= = Z= 6cos7 = ars. 


Thus, the cylindrical coordinates of the point are (3 4/9. 7/3, 3V2). = 
I| Conversion of Rectangular Coordinates to Spherical Coordinates To trans- 
form from rectangular coordinates to spherical coordinates, we use 
id 


Vxe + y" oi a 


Il| Triple Integrals in Spherical Coordinates As seen in FIGURE 9.15.11, the volume 
of a spherical wedge is given by the approximation 


2 


pax +y+z 


2 


(7) 


y 
; tan 6 = —, cos d = 
x 


AV = p’ sin ¢ Ap Ad AO. 


Thus, in a triple integral of a continuous spherical coordinate function F(p, @, 6), the differential 
of volume dV is given by 


dV = p* sin ¢ dp dd dd. 


A typical triple integral in spherical coordinates has the form 


a J¢(0) “fd, 8) 


B ral) cfAld, 9) 
|] F(p, , 0) dV = | | | F(p, &, 8) p? sin & dp dd do. 
D 


| EXAMPLE7 | Moment of Inertia 


Find the moment of inertia about the z-axis of the homogeneous solid bounded between the 
spheres 


Y+yt+2=a@2 and r+y4+Z7=P’, a<b. 


SOLUTION If 6(p, , 6) = kis the density,* then 


L= | (x? + y?) k dv. 
D 


*We must use a different symbol to denote density to avoid confusion with the symbol p of spherical 
coordinates. 
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p varies from From (5) we find x7 + y = p- sin? d and x7 + y +277°= p’. Thus the equations of the spheres 
are simply p = a and p = b. See FIGURE 9.15.12. Consequently, in spherical coordinates the 
foregoing integral becomes 


@ varies from 
Oto z 


2a pa rb 
=e L=k | | | p’ sin’d(p? sin b dp dd dd) 
0 0 Ja 


@ varies from 
0 to 27 


Ez. 
II 


2a pa rh 
k | | | p' sin’d dp db dé 
0 0 Ja 
FIGURE 9.15.12 Limits of integration in 
Example 7 le I b 
=k — sin’ | dd do 
0 (0) 5 a 


2a rT 
Ks — a’)| | (1 — cos’ ) sin b dd dé 
5 0 Jo 
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REMARKS 


Spherical coordinates are used in navigation. If we think of the Earth as a sphere of fixed 
radius centered at the origin, then a point P can be located by specifying two angles 6 and ¢. 


prime 
meridian 


@ = constant 


0 =constant (- 


As shown in FIGURE 9.15.13, when ¢ is held constant, the resulting curve is called a parallel. 
Fixed values of 6 result in curves called great circles. Half of one of these great circles joining 
the north and south poles is called a meridian. The intersection of a parallel and a meridian 
gives the position of a point P. If 0° = ¢ S 180° and —180° S$ 6 S 180°, the angles 90° — @ 
and @ are said to be the latitude and longitude of P, respectively. The prime meridian cor- 
responds to a longitude of 0°. The latitude of the equator is 0°; the latitudes of the north and 
south poles are, in turn, +90° (or 90° North) and —90° (or 90° South). 


equator 


FIGURE 9.15.13 Parallels and great circles 


| 9.15 — |Exercises| Answers to selected odd-numbered problems begin on page ANS-24. 


In Problems 1-8, evaluate the given iterated integral. ~e— 
7 [ [ i xye*dz dx dy 
lo Jo Jo 


4-2 fl 
1. | | | (x + y + z) dx dy dz 5 
2 J-2 J-1 : ae [ I 
3 fx pxy A ———— 
; \/2 _ 2 
. | | | 24xy dz dy dx Ne 
1 Ji 


9. Evaluate [ff z dV, where D is the region in the first octant 


dy dx dz 


6 p6-x f6-x—-z 
3. | | | dy dz dx bounded by the graphs of y = x,y =x — 2,y = 1, y = 3, 

lo Jo 0 z=0,andz=5. 

1 pl-x pVy 10. Evaluate [Sfp (x? + y’) dV, where D is the region bounded 
4. | | | 4x?z? dz dy dx by the graphs of y = x’, z = 4 — y, and z = 0. 

lo Jo 0 

a2 py py In Problems 11 and 12, change the indicated order of integration 
5. | | [ cos(” *) dz dx dy to each of the other five orders. 

0 Jo Jo 

V2 2 pee 2 p4—2y 4 
6. | | | x dz dx dy 11. | | | F(x, y, z) dz dx dy 

0 Vy 0 0 JO x+ 2y 
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2 -V36-9x/2 73 
12. | | | F(x, y, z) dz dy dx 
lo Jo 1 


In Problems 13 and 14, consider the solid given in the figure. 
Set up, but do not evaluate, the integrals giving the volume V of 
the solid using the indicated orders of integration. 


13. 
; y 
. p 
FIGURE 9.15.14 Solid for Problem 13 
(a) dzdydx (b) dxdzdy_ (ce) dydxdz 
14. z 


FIGURE 9.15.15 Solid for Problem 14 


(a) dxdzdy  (b) dydxdz_ (ce) dzdxdy 


[Hint: Part (c) will require two integrals. | 


In Problems 15-20, sketch the region D whose volume V is 
given by the iterated integral. 


4 (3 p2-2:/3 
15. [TI dx dz dy 
‘0 Jo Jo 


3 -V9-y? -V25—-e-y 
16. [| | dz dx dy 
0 Jo 


4 


In Problems 21-24, find the volume of the solid bounded by the 
graphs of the given equations. 


21.x=y', 4 x aa z=0, z=3 
22. x°+y°=4, z=x+ y, the coordinate planes, first octant 
23. y=x?+27, y=8-x?-2? 


“a. x2, you, you go=xr ty, 2=0 

25. Find the center of mass of the solid given in FIGURE 9.15.14 if 
the density at a point P is directly proportional to the distance 
from the xy-plane. 

26. Find the centroid of the solid in FIGURE 9.15.15 if the density is 
constant. 

27. Find the center of mass of the solid bounded by the graphs 
of x? + z7 = 4, y = 0, and y = 3 if the density at a point P is 
directly proportional to the distance from the xz-plane. 

28. Find the center of mass of the solid bounded by the graphs of 
y=x’,y=x,z=y+ 2, and z = Oif the density at a point P 
is directly proportional to the distance from the xy-plane. 


In Problems 29 and 30, set up, but do not evaluate, the iterated 
integrals giving the mass of the solid that has the given shape 
and density. 


29. x°+y=1, zt+y=8, z-—2y=2; pay, D=xty+4 

30. x7 + y’ Z=1,2z 1, z=2; pay, z= 2 [Hint: Do 
not use dz dy dx.] 

31. Find the moment of inertia of the solid in Figure 9.15.14 about 
the y-axis if the density is as given in Problem 25. Find the 
radius of gyration. 

32. Find the moment of inertia of the solid in Figure 9.15.15 about 
the x-axis if the density is constant. Find the radius of gyration. 

33. Find the moment of inertia about the z-axis of the solid in the 
first octant that is bounded by the coordinate planes and the 
graph of x + y + z = 1 if the density is constant. 

34. Find the moment of inertia about the y-axis of the solid 
bounded by the graphs of z= y,z=4-—y,z=1,z=0,x=2, 
and x = O if the density at a point P is directly proportional to 
the distance from the yz-plane. 


In Problems 35-38, convert the point given in cylindrical 
coordinates to rectangular coordinates. 


30 Sa 

35. | 10, —_,5 36. | 2,—, -3 

(0.7.5) (25-3) 
37. (v3, = -4) 
In Problems 39-42, convert the point given in rectangular 
coordinates to cylindrical coordinates. 
$5. (1,18) 40. (2/3, 2, 17) 
mM. (-V2, V6, 2) 42. (1, 2,7) 
In Problems 43 —46, convert the given equation to cylindrical 
coordinates. 
3. x? + y+ 77 =25 
45. xvrt+y-7=1 


44. x+y-z=1 

6. x? +7 =16 

In Problems 47-50, convert the given equation to rectangular 
coordinates. 

a7. =r’ 

49. r =S5secé 


48. z= 2rsin@ 
50. 0 = 77/6 


In Problems 51-58, use triple integrals and cylindrical 
coordinates. In Problems 51—54, find the volume of the solid 
that is bounded by the graphs of the given equations. 


Bx? t+ y=4, x +y4+2772=16, z=0 
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52. 2=10—-—x*-y’, z=1 

53. zexrty’, x+y? =25, z=0 

BA ay =x? +27, 2QyHx?2 +2744 

55. Find the centroid of the homogeneous solid that is bounded 
by the hemisphere z = Va* — x* — y* and the plane z = 0. 

56. Find the center of mass of the solid that is bounded by the 
graphs of y? + z* = 16, x = 0, and x = 5 if the density at a 
point P is directly proportional to distance from the yz-plane. 

57. Find the moment of inertia about the z-axis of the solid that 
is bounded above by the hemisphere z = V9 — x* — y? 
and below by the plane z = 2 if the density at a point P is 
inversely proportional to the square of the distance from the 
Z-axis. 

58. Find the moment of inertia about the x-axis of the solid that 
is bounded by the cone z = Vx” — y’ and the plane z = 1 if 
the density at a point P is directly proportional to the distance 
from the z-axis. 


In Problems 59-62, convert the point given in spherical 
coordinates to (a) rectangular coordinates and (b) cylindrical 
coordinates. 


27 7 
9. (=.= 
3°26 
7 37 1 5a 7 
61. {| 8, —, — 62. | = — 
4° 4 3°36 


In Problems 63-66, convert the points given in rectangular coor- 
dinates to spherical coordinates. 


63. (—5, —5, 0) 64. (1, —V3, 1) 
we (M311) w (455 
9 9 2 2 


In Problems 67-70, convert the given equation to spherical 
coordinates. 


67. x° + y+ 27 = 64 
69. 2° = 3x? + 3y* 


68. x7 + y+ 27=42 

70. —x?-y+7?=1 

In Problems 71-74, convert the given equation to rectangular 
coordinates. 

71. p = 10 

73. p =2sec dh 


2. d=n13 
74. psin? 6 =cos¢ 


In Problems 75-82, use triple integrals and spherical 
coordinates. In Problems 75-78, find the volume of the solid 
that is bounded by the graphs of the given equations. 


B. z= Vx? +y,2+y+7=9 

76. x7 + y’ +277=4, y=x, y= V3x, z= 0, first octant 

71. 27 = 3x7? + 3y", x=0, y=0, z=2, first octant 

78. Inside x? + y? + z? = 1 and outside 2 = x° + y’ 

79. Find the centroid of the homogeneous solid that is bounded 
by the cone z= Vx? + y? and the sphere x? + y* + 2 = 2z. 

80. Find the center of mass of the solid that is bounded by the 
hemisphere z = V1 — x* — y* and the plane z = 0 if the 
density at a point P is directly proportional to the distance 
from the xy-plane. 

81. Find the mass of the solid that is bounded above by the hemi- 
sphere z= V25 — x? — y* and below by the plane z = 4 if 
the density at a point P is inversely proportional to the distance 
from the origin. [Hint: Express the upper ¢ limit of integration 
as an inverse cosine. ] 

82. Find the moment of inertia about the z-axis of the solid that 
is bounded by the sphere x* + y? + z? = a’ if the density at a 
point P is directly proportional to the distance from the origin. 


9.16 | Divergence Theorem 


INTRODUCTION 


In Section 9.14 we saw that Stokes’ theorem was a three-dimensional 


generalization of a vector form of Green’s theorem. In this section we present a second vector 
form of Green’s theorem and its three-dimensional analogue. 


[| Another Vector Form of Green’s Theorem Let F(x, y) = P(x, y)i + Q(x, y) j be 
a two-dimensional vector field, and let T = (dx/ds)i + (dy/ds)j be a unit tangent to a simple 
closed plane curve C. In (1) of Section 9.14 we saw that ¢. (F - T) ds can be evaluated by a 
double integral involving curl F. Similarly, if n = (dy/ds)i — (dx/ds)j is a unit normal to C 
(check T - n), then ¢.. (F - n) ds can be expressed in terms of a double integral of div F. From 


Green’s theorem, 


(F-n) ds = © Pdy — Qdx = = dA = + dA; 
Cc Cc ax dy ax ay 
R R 


that is, 
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$m) ds = || div F dA. (1) 
GC 
R 


FIGURE 9.16.1 Region D used in proof of 
Theorem 9.16.1 


The result in (1) is a special case of the divergence or Gauss’ theorem. The following is a 
generalization of (1) to 3-space: 


Theorem 9.16.1 Divergence Theorem 


Let D be a closed and bounded region in 3-space with a piecewise-smooth boundary S that is 
oriented outward. Let F(x, y, z) = P(x, y, zi + QC, y, z)j + R(x, y, z)k be a vector field for 
which P, Q, and R are continuous and have continuous first partial derivatives in a region of 


3-space containing D. Then 
\| (F-n) dS = | div F dV. (2) 
5 


D 


PARTIAL PROOF: We will prove (2) for the special region D shown in FIGURE 9.16.1 whose 
surface S consists of three pieces: 


(bottom) S,:z=fi@y), (,y)inR 
(top) Sy:z=f(x,y), (x, y)mR 
(side) S3: fi, y)=z=f,%y), G,y)onc, 


where R is the projection of D onto the xy-plane and C is the boundary of R. Since 


. oP o0Q- OR j ‘ 
we=". + + and F-n=P(i-n)+ Qj-n)+ R(k-n), 
x 


oy 0z 


we can write 


|| @-mas= || Pa mas+ \| Q(j-n) dS + || Rac mas 
S S S 


wt ff sree f Sars fare ff a 


To prove (2) we need only establish that 


|[ra-m as = | viv (3) 
Ox 
S D 
|Jea-m ds = || a m 
dy 
S D 
|[Raem ads = |] Fe (5) 
OZ 


S D 


Indeed, we shall prove only (5), since the proofs of (3) and (4) follow in a similar manner. Now, 


aR fx, Y) aR 
| —dV= \| | — dz| dA = \| [R(x, y, f(x, y)) — Rx, y, fi, y))] dA. — (6) 
D 


OZ fiix,y) 9% 


R 
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x 


FIGURE 9.16.2 Region D with no vertical 
side 


Sp 
ig 
S 
4 
ye \ 


FIGURE 9.16.3 Region D is bounded 
between two concentric spheres 


Next we write 


|] Rac-m dS = || Rac-m dS + || Rac-m dS + || Rac-m ds. 
S 


1 2 3 


On S,: Since the outward normal points downward, we describe the surface as g(x, y, z) = 


fix, y) — z = 0. Thus, 


i = 
ox oy =] 
n= so that k-n = 


vi) + GY ye) ey 
Ox dy ax dy 


From the definition of dS we then have 


|] Rac-m dS = — || Ro. y, fi, y)) dA. (7) 
R 


S 
On S,: The outward normal points upward, so 


0 Ofr 
hy By ay 
Ox oy 1 


n= 5 = So that k-n = 5 5 
40) V+) +) 
Ox oy Ox oy 


from which we find 


|] Rac-m dS = || Ro. y, fol, y)) dA. (8) 
R 


S, 
On S;: Since this side is vertical, k is perpendicular to n. Consequently, k - n = 0 and 
|| Rac-m dS = 0. (9) 
5; 
Finally, adding (7), (8), and (9), we get 


|| [R(x y, iG, y)) — RO, y, AG y))] dA, 


R 
which is the same as (6). = 


Although we proved (2) for a special region D that has a vertical side, we note that this type 
of region is not required in Theorem 9.16.1. A region D with no vertical side is illustrated in 
FIGURE 9.16.2; a region bounded by a sphere or an ellipsoid also does not have a vertical side. The 
divergence theorem also holds for the region D bounded between two closed surfaces, such as 
the concentric spheres S, and S, shown in FIGURE 9.16.3; the boundary surface S of D is the union 
of S,, and S,. In this case ff, (F - n) dS = JSJ, div F dV becomes 


|| (F-n) dS + \| (F-n) dS = | div F dV, 
D 


Sp Sa 
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Si:x2+y? + (Z- 1)? =9_ comm 
l<z<4 f 


FIGURE 9.16.4 Hemispherical region D in 
Example | 


where n points outward from D; that is, n points away from the origin on S, and n points toward 
the origin on S,. 


| EXAMPLE1 | Verifying Divergence Theorem 


Let D be the region bounded by the hemisphere x? + y* + (z — 1)° = 9, 1 =z <4, and the 
plane z = 1. Verify the divergence theorem if F = xi + yj + (z — I)k. 


SOLUTION The closed region is shown in FIGURE 9.16.4. 


Triple Integral: Since F = xi + yj + (z — 1)k, we see div F = 3. Hence, 


[senate |S a)| aGee en 


In the last calculation, we used the fact that [ff dV gives the volume of the hemisphere (}773°). 


Surface Integral: We write [Js = Jfs, + JJ's, where S, is the hemisphere and S, is the plane 
z= 1. If S$, is a level surface of g(x, y, z) = e+ y + (z — 1)’, then a unit outer normal is 


Vv it yj+(c—- Dk 4 
pe oe Se 
IVel Viere4+y4e-12? 3 3 


x? y? (z = 1) 1 
N F.- = + ° + = 2 + 2 + =] 2) — 
ow n= +3 ; 3 y +@-1y) 


-9=3 


3 
and so \| (F-n) ds = | | GB) = as) 


5, 


27 3 
= | | (9 — r?)\?r dr dO = 54. < polar coordinates 
0 Jo 


On S,, we take n = —k so that F- n = —z + 1. Butsince z = 1, ffs (—z + 1) dS = 0. 
Hence, we see that ff; (F - n) dS = 547 + 0 = 547 agrees with (10). = 


| EXAMPLE2 | Using Divergence Theorem 


If F = xyi+ y’zj + z°k, evaluate J ,(F - n) dS, where S is the unit cube defined by 0 = x <= 1, 
Osy=l10=z=l1. 


SOLUTION See Figure 9.13.14 and Problem 38 in Exercises 9.13. Rather than evaluate six 
surface integrals, we apply the divergence theorem. Since div F = V - F = y + 2yz + 32’, 
we have from (2) 


\| (F-n) dS |e + 2yz + 327) dV 


Ss D 


Ll el 
-| |] (y + 2yz + 3z7) dx dy dz 
lo Jo Jo 


tel 
-[/ (y + 2yz + 3z7) dy dz 
0 Jo 
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FIGURE 9.16.5 Region D, in (11) 
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ePy 


f 
n 


1 y’ 1 
[Gere we)]e 
0 0 
-[ (+ +30!) ae = (J tiete)| =2 = 
; 2 re iz YG a7 7% z ' 5 = 


[| Physical Interpretation of Divergence In Section 9.14 we saw that we could 
express the normal component of the curl of a vector field F at a point as a limit involving the 
circulation of F. In view of (2), it is possible to interpret the divergence of F at a point as a limit 
involving the flux of F. Recall from Section 9.7 that the flux of the velocity field F of a fluid is 
the rate of fluid flow—that is, the volume of fluid flowing through a surface per unit time. In 
Section 9.7 we saw that the divergence of F is the flux per unit volume. To reinforce this last idea 
let us suppose Po(Xp, Yo, Zo) iS any point in the fluid and S, is a small sphere of radius r centered 
at Py. See FIGURE 9.16.5. If D, is the sphere S, and its interior, then the divergence theorem gives 


|[e-mas = || div F dV. (11) 


S, D,. 


If we take the approximation div F(P) ~ div F(P,) at all points P(x, y, z) within the small sphere, 


then (11) gives 
\| (F-n) dS ~ || div F(P,) dV 


RY D 


Fr r 


= div F(A) | dV (12) 


D; 


= div F(A)V,, 


where V, is the volume (47°) of the spherical region D,. By letting r > 0, we see from (12) 
that the divergence of F is the limiting value of the ratio of the flux of F to the volume of the 
spherical region: 


div F(Po) = lim Es \| (F-n) dS. 
r>0 VY, 
Hence, divergence F is flux per unit volume. 
The divergence theorem is extremely useful in the derivation of some of the famous equations 
in electricity and magnetism and hydrodynamics. In the discussion that follows we shall consider 
an example from the study of fluids. 


il Continuity Equation At the end of Section 9.7 we mentioned that one interpretation 
of div F was a measure of the rate of change of the density of a fluid at a point. To see why 
this is so, let us suppose that F is a velocity field of a fluid and that p(x, y, z, f) is the density 
of the fluid at a point P(x, y, z) at a time ¢. Let D be the closed region consisting of a sphere S 
and its interior. We know from Section 9.15 that the total mass m of the fluid in D is given by 
m = SJSp p(x, y, z, t) dV. The rate at which the mass increases in D is given by 


dm _d = eg 
a dt Il eee ee Il at 
D 


D 


Now from Figure 9.7.3 we saw that the volume of fluid flowing through an element of surface 
area AS per unit time is approximated by (F - n) AS. The mass of the fluid flowing through an 
element of surface area AS per unit time is then (pF - n) AS. If we assume that the change in 


CHAPTER 9 Vector Calculus 


mass in D is due only to the flow in and out of D, then the volume of fluid flowing out of D per 
unit time is given by (10) of Section 9.13, ff (F - n) dS, whereas the mass of the fluid flowing 
out of D per unit time is [f; (pF - n) dS. Hence, an alternative expression for the rate at which 
the mass increases in D is 


- \| (pF -n) dS. (14) 


S 


By the divergence theorem, (14) is the same as 


7 | div(pF) dV. (15) 
D 


Equating (13) and (15) then yields 


0p . dp ‘ 
| or WY =- | div(pF) dV or \I (% a divioh)) dv = 0. 
D D D 


Since this last result is to hold for every sphere, we obtain the equation of continuity for fluid 


flows: 


0 
- + div(pF) = 0. (16) 


On page 514 we stated that if div F = V - F = 0, then a fluid is incompressible. This fact 
follows immediately from (16). If a fluid is incompressible (such as water), then p is constant, 
so consequently V - (pF) = pV - F. But in addition dp/dt = 0 and so (16) implies V - F = 0. 


| 9.16 | |Exercises Answers to selected odd-numbered problems begin on page ANS-24. 


In Problems 1 and 2, verify the divergence theorem. 


1. F =xyi+ yzj + xzk; D the region bounded by the unit cube 
defined byO=x=1,0Sy<=1,0Sz<=1 

2. F = 6xyi+ 4yzj + xe *k; D the region bounded by the three 
coordinate planes and the planex + y+z=1 


In Problems 3—14, use the divergence theorem to find the 
outward flux ff; (F - n) dS of the given vector field F. 


3. F = x*i + y*j + z°k; D the region bounded by the sphere 
vet+yt+2=a 

4. F = 4xi + yj + 4zk; D the region bounded by the sphere 
r+y4+7=4 

5. F = yi + xj + (¢ — 1)’k; D the region bounded by the 
cylinder x? + y* = 16 and the planes z = 1,z = 5 

6. F = xi + 2yzj + 4z°k; D the region bounded by the paral- 
lelepiped defined byO = x=1,0Sy=2,0Sz=53 

7. F = yi + «°j + 2k; D the region bounded within by 
Z= V4 = x? —-y,r+y=3,z=0 

8 F = (x* + sin y)i + z7j + xy’k; D the region bounded by 
y=x’,z=9-y,z=0 

9, F = (xit+ yj + zk)(x* + y’ + z”); D the region bounded by 
the concentric spheres x7 + y°+ 2? =@,x°+y'+2°=b’, 
b>a 


10. F = 2yzi + x°j + xy’k; D the region bounded by the ellipsoid 
x7fa? + ylb? + 27I/c7 =1 

11. F = 2xzi + 5y’j — 2°k; D the region bounded by z = y, 
z=4-y,2=2- 5x*,x =0,z = 0. See FIGURE 9.16.6. 


FIGURE 9.16.6 Region D for Problem 11 

12. F = 15x*yi+ x?zj + y'k; D the region bounded by x + y = 2, 
z=xty,z=3,x=0,y=0 

13. F = 3x°y’i + yj — 6zxy’k; D the region bounded by the 
paraboloid z = x? + y’ and the plane z = 2y 

14. F = xy’i + x’yj + 6 sin xk; D the region bounded by the 
cone z= Vx? + y’ and the planes z = 2, z = 4 
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15. The electric field at a point P(x, y, z) due to a point charge q 
located at the origin is given by the inverse square field 


= r 
B= 4p 


where r = xit+ yj + zk. 

(a) Suppose Sis aclosed surface, S, isaspherex? + y* + z7=a 
lying completely within S, and D is the region bounded 
between S and S,. See FIGURE 9.16.7. Show that the outward 
flux of E for the region D is zero. 

(b) Use the result of part (a) to prove Gauss’ law: 


2 


\| (E-n) dS = 47q; 


S 


that is, the outward flux of the electric field E through 
any closed surface (for which the divergence theorem 
applies) containing the origin is 47rq. 


FIGURE 9.16.7 Region D for Problem 15(a) 


16. Suppose there is a continuous distribution of charge through- 
out a closed and bounded region D enclosed by a surface S. 
Then the natural extension of Gauss’ law is given by 


[ens [Joon 


where p(x, y, z) is the charge density or charge per unit 

volume. 

(a) Proceed as in the derivation of the continuity equation 
(16) to show that div E = 47p. 

(b) Given that E is an irrotational vector field, show that the 
potential ¢ for E satisfies Poisson’s equation V° = 4zzp. 


In Problems 17—21, assume that S forms the boundary of a 
closed and bounded region D. 


17. If ais a constant vector, show that ffs (a-n) dS = 0. 
18. IfF = Pi+ Qj + RkandP, OQ, and R have continuous second 
partial derivatives, prove that 


\| (curl F- n) dS = 0. 


S 


In Problems 19 and 20, assume that fand g are scalar functions 
with continuous second partial derivatives. Use the divergence 
theorem to establish Green’s identities. 


19. |[ uve -nas = [los + Vf: Vg) dV 
S D 


20. \| (fVg — gVf)-nds = | (fV'g — gV*f) av 
S D 
21. Iffis a scalar function with continuous first partial derivatives, 


prove that 
[[ mas |} sre 
S D 


[Hint: Use (2) on fa, where a is a constant vector, and Problem 27 
in Exercises 9.7.] 

22. The buoyancy force on a floating object is B = —JJs pndsS, 
where p is the fluid pressure. The pressure p is related to 
the density of the fluid p(x, y, z) by a law of hydrostatics: 
Vp = p(x, y, 2g, where g is the constant acceleration of grav- 
ity. If the weight of the object is W = mg, use the result of 
Problem 21 to prove Archimedes’ principle, B + W = 0. See 
FIGURE 9.16.8. 


FIGURE 9.16.8 Floating object in Problem 22 


9.17 Change of Variables in Multiple Integrals 


INTRODUCTION In many instances it is either a matter of convenience or of necessity to 
make a substitution, or change of variable, in a definite integral Ns F(x) dx in order to evaluate it. 
If fis continuous on [a, b], x = g(u) has a continuous derivative, and dx = g'(u) du, then 
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b d 
| f(x) dx = [ Kew ew du, (1) 


If the function g is one-to-one, > 
then it has an inverse and so 
c=g \(a)andd=g |(b). 


xw2+y2=8 


(a) Region R in xy-plane 


(b) Region S in r 6-plane 


FIGURE 9.17.1 Region S is used to 
evaluate (6) 


Vv 


w+y2=4 


S3 


(1,0)" 5, '@2,0) 


(a) 


(b) 


FIGURE 9.17.2 Region R is the image of 
region S in Example | 


where the u-limits of integration c and d are defined by a = g(c) and b = g(d). There are three 
things that bear emphasizing in (1). To change the variable in a definite integral we replace x 
where it appears in the integrand by g(u), we change the interval of integration [a, b] on the x-axis 
to the corresponding interval [c, d] on the u-axis, and we replace dx by a function multiple (namely, 
the derivative of g) of du. If we write J(u) = dx/du, then (1) has the form 


b d 
| fo) dx = | f(g(w)) Ju) du. (2) 
For example, using x = 2 sin 0, —77/2 = 0 = w/2, we get 
x-limits 6-limits 
L  f@) { f2sind) J) 


1/2 1/2 


2 cos 8 (2 cos 6) dO = 4| cos’ 6.d0 = 7. 
0 


[ va wac= | 


I| Double Integrals Although changing variables in a multiple integral is not as straight- 
forward as the procedure in (1), the basic idea illustrated in (2) carries over. To change variables 
in a double integral we need two equations such as 


x=f(lu,v), y= e(u,v). (3) 


To be analogous with (2), we expect that a change of variables in a double integral would take 
the form 


\| F(x, y) dA = || F (fu, v), g(u, v)) J(u, v) dA’, (4) 
R 


S 


where S is the region in the uv-plane corresponding to the region R in the xy-plane and J(u, v) is 
some function that depends on the partial derivatives of the equations in (3). The symbol dA’ on 
the right side of (4) represents either du dv or dv du. 

In Section 9.11 we briefly discussed how to change a double integral ff, F(x, y) dA from 
rectangular coordinates to polar coordinates. Recall that in Example 2 of that section the 
substitutions 


x=rcos@é, y=rsin0 (5) 


2 -V8—x 1 a/2 V8 
led t dy dx = dr dé. 6 
= [| 5S¢x27t+ pr” al 547 (6) 


As we see in FIGURE 9.17.1, the introduction of polar coordinates changes the original region 
of integration R in the xy-plane to the more convenient rectangular region of integration S in 
the ré-plane. We note, too, that by comparing (4) with (6), we can identify J(r, 0) = r and 
dA' = dr do. 

The change-of-variable equations in (3) define a transformation or mapping 7 from the 
uv-plane to the xy-plane. A point (x, yo) in the xy-plane determined from x) = f(Uo, Vo), Yo = B(Uo, Vo) 
is said to be an image of (up, Vo). 


| EXAMPLE1 | Image of a Region 


Find the image of the region S shown in FIGURE 9.17.2(a) under the transformation x = uty, 


2 
y=uw-y. 


SOLUTION We begin by finding the images of the sides of S that we have indicated by S,, 
S5, and $3. 


S,: On this side v = 0 so that x = u’*, y = uw’. Eliminating u then gives y = x. Now 
imagine moving along the boundary from (1, 0) to (2, 0) (that is, 1 = u = 2). The 
equations x = u’, y = u’ then indicate that x ranges from x = | to x = 4 and y ranges 
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FIGURE 9.17.3 Transformation T and its 


inverse 


582 


simultaneously from y = 1| to y = 4. In other words, in the xy-plane the image of S; is 
the line segment y = x from (1, 1) to (4, 4). 


S,: On this boundary u* + v? = 4 and so x = 4. Now as we move from the point 
(2, 0) to (V3, V3), the remaining equation y = u? — v* indicates that y ranges from 


y=2?-0=4toy= (V3 y= (V3 y = 1.In this case the image of S} is the verti- 
cal line segment x = 4 starting at (4, 4) and going down to (4, 1). 


S;: Since uv? — vy? = 1, we get y = 1. But as we move on this boundary from (V5, Vi ), 
to (1, 0), the equation x = u? + v* indicates that x ranges from x = 4 to x = 1. The image 
of S3 is the horizontal line segment y = | starting at (4, 1) and ending at (1, 1). 


The image of S is the region R given in Figure 9.17.2(b). = 


Observe in Example | that as we traverse the boundary of S in the counterclockwise direc- 
tion, the boundary of R is traversed in a clockwise manner. We say that the transformation of 
the boundary of S has induced an orientation on the boundary of R. 

While a proof of the formula for changing variables in a multiple integral is beyond the level 
of this text, we will give some of the underlying assumptions that are made about the equations 
(3) and the regions R and S. We assume that 


e The functions fand g have continuous first partial derivatives on S. 

e The transformation is one-to-one. 

¢ Each of the regions R and S consists of a piecewise-smooth simple closed curve and its 
interior. 

e The determinant 


du dv| _ dx dy ox Oy (7) 
dy oy ou dv ovou 


is not zero on S. 


A transformation T is said to be one-to-one if each point (xp, yo) in R is the image under T of 
a unique point (up, Vo) in S. Put another way, no two points in S have the same image in R. With 
the restrictions that r= 0 and 0 = 6 S 277, the equations in (5) define a one-to-one transformation 
from the r@-plane to the xy-plane. The determinant in (7) is called the Jacobian determinant, or 
simply Jacobian, of the transformation 7 and is the key to changing variables in a multiple inte- 
gral. The Jacobian of the transformation defined by the equations in (3) is denoted by the symbol 


a(x, y) 
a(u, v) 


Similar to the notion of a one-to-one function, a one-to-one transformation 7 has an inverse 
transformation 7! such that (1, vo) is the image under 7! of (x, yo). See FIGURE 9.17.3. If it 
is possible to solve (3) for u and v in terms of x and y, then the inverse transformation is defined 
by a pair of equations 


u=h(x,y), v=kx,y). (8) 


The Jacobian of the inverse transformation T~! is 


Ou, v) ax oy 


a(x, y) 7 ov av (9) 
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yy. 
(0,2) x+2y=2n 
S5 53 
OO] $s, 2x0) 


(a) 


(27, 27) 


u=20 


(0, 0) 


(21, -27) 
(b) 


FIGURE 9.17.4 Region S is the image of 
region R in Example 3 


and is related to the Jacobian of the transformation T by 


(x, y) A(u, v) 
A(u, v) A(x, y) 


| EXAMPLE2 | Jacobian 


The Jacobian of the transformation x = r cos 0, y = rsin 0 is 


(10) 


a(x, 0 00 cos? -—rsin@ : 
ey) =|" =|. 7 = r(cos’@ + sin’?@) =r. = 
a(r, 8) dy oy sin 6 rcos 6 


or 00 


We now turn our attention to the main point of this discussion: how to change variables in a 
multiple integral. The idea expressed in (4) is valid; the function J(u, v) turns out to be |d(x, y)/d(u, v)]. 
Under the assumptions made above, we have the following result: 


Theorem 9.17.1 


Change of Variables in a Double Integral 


If F is continuous on R, then 


a a(x, y) ; 
PO, 9) dA = | FC), 2G8. VY) | de (11) 
a(u, Vv) 
5 


R 


Formula (3) of Section 9.11 for changing a double integral to polar coordinates is just a special 
case of (11) with 


a(x, y) 
a(r, 0) 


= pian 


since r = 0. In (6) then we have J(r, 0) = |d(x, y)/a(r, #)| = r 

A change of variables in a multiple integral can be used for either a simplification of the 
integrand or a simplification of the region of integration. The actual change of variables used is 
often inspired by the structure of the integrand F(x, y) or by equations that define the region R. As 
a consequence, the transformation is then defined by equations of the form given in (8); that is, 
we are dealing with the inverse transformation. The next two examples will illustrate these ideas. 


| EXAMPLE3 | Changing Variables in a Double Integral 


Evaluate ff, sin(x + 2y) cos(x — 2y) dA over the region R shown in FIGURE 9.17.4(a). 


SOLUTION The difficulty in evaluating this double integral is clearly the integrand. The pres- 
ence of the terms x + 2y and x — 2y prompts us to define the change of variables u = x + 2y, 
v = x — 2y. These equations will map R onto a region S in the uv-plane. As in Example 1, we 
transform the sides of the region. 


S,: y = O implies u = x and v = x or v = u. As we move from (277, 0) to (0, 0), we see 
that the corresponding image points in the uv-plane lie on the line segment v = u from 
(277, 277) to (0, 0). 


S,: x = O implies u = 2y and v = —2y, or v = —u. As we move from (0, 0) to (0, 7), 
the corresponding image points in the wv-plane lie on the line segment v = —u from 
(0, 0) to (277, —277). 


S3: x + 2y = 27 implies u = 27. As we move from (0, 77) to (27, 0), the equation 
v = x — 2y shows that v ranges from v = —27 to v = 277. Thus, the image of S$; is the 
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(, 5) (4, 5) 


d, 1) (4, 1) 


(b) 


FIGURE 9.17.5 Region S is image of 


region R in Example 4 


584 | CHAPTERS Vector Calculus 


vertical line segment u = 27 starting at (—277, —27) and going up to (277, 277). See 
Figure 9.17.4(b). 


Now, solving for x and y in terms of u and v gives 


1 1 
x= Zt v), y= Zu y). 


ox Ox 1 1 
a(x, 0 0 2 2 1 
Therefore, (y) le i = = 
acu, v) dy oy i 1 4 
ou ov 4 4 
Hence, from (11) we find that 
. : 1 
sin(x + 2y) cos(x — 2y)dA = || sinucosv =a dA' 


R 


Ale 
o 


27 pu 
[| sinwc0s var di 


1 u 

= aa sin uv sin | 7 du 
a 

== sin? u du 
2 Jo 
1 

= i — cos2u) du 
4 


Bile 


| 1 ; i a 
u — —sin 2u =. = 
2 0 2 


| EXAMPLE4 | Changing Variables in a Double Integral 


Evaluate ff xy dA over the region R shown in FIGURE 9.17.5(a). 


SOLUTION In this case the integrand is fairly simple, but integration over the region R would 
be tedious since we would have to express J fp xy dA as the sum of three integrals. (Verify this.) 
The equations of the boundaries of R suggest the change of variables 


= Z v= xy. (12) 
x 


Obtaining the image of R is a straightforward matter in this case, since the images of the curves 
that make up the four boundaries are simply u = 1, u = 4, v = 1, and v = 5. In other words, the 
image of the region R is the rectangular region S: 1 =u =4, 1 =v <5. See Figure 9.17.5(b). 
Now instead of trying to solve the equations in (12) for x and y in terms of u and v, we can 
compute the Jacobian d(x, y)/d(u, v) by computing d(u, v)/d(x, y) and using (10). We have 


ou Ou 
Ou, V) ax ay _ = = _ 3y 
a(x, y) ~ lav av| : | 2? 
ax ay _ 


and so from (10), 


(x, y) 1 -* _ 1 
d(u,v)  a(u, Vv) 3y 3u 
a(x, y) 
1 
Hence, \| xy dA = || v|——|dA’ 
3u 
R S 


II 
wile 
eee 
_ 
Sale 
= is) 
—| 
an n 
aq 
= 


44 4 
=4/ du= Ain = 41n4. = 
1 U 


1 


I Triple Integrals To change variables in a triple integral, let 
x=f(lu,v,w), y=g(u,v,w), 2=hlu,v, w), 


be a one-to-one transformation T from a region F in uvw-space to a region D in xyz-space. If F 
is continuous on D, then 


a(x, y, 2) 


dv' 
d(u, Vv, W) 


| F(x, y, z) dV = | F(f(u, v, w), g(u, v, w), A(u, v, w)) 
D E 


ax ax ax 

du ov dw 

a(x, y, Z) dy dy oy 

where = E 
o(u, Vv, W) du ov dw 

Oz «(Oz OZ 

du ov dw 


We leave it as an exercise for the reader to show that if Tis the transformation from spherical to 
rectangular coordinates defined by 


x=psingcosé, y=psingsindé, z=pcosd, (13) 
0 > > 
then DO = p’sing. 
a(p, d, 9) 
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1. Consider a transformation T defined by x = 4u — v,y = 5u + 4v. In Problems 3-6, find the image of the set S under the given 
Find the images of the points (0, 0), (0, 2), (4, 0), and (4, 2) in transformation. 
the uv-plane under 7: 

2. Consider a transformation T defined by x = Vv — u, 
y =v + u. Find the images of the points (1, 1), (1, 3), and 


(\2, 2) in the xy-plane under T~!. 


3 S:0SuS2,0Svsujx=2ut+v,y=u-3v 
Si-ls=v2=4,1lsv=5;u=x-y,vext dy 
. SOSuslosvs2:x w—-v,y=uv 

. Slsus2,lsv<s2;x=w,y=v 


ou + 
| s 
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In Problems 7—10, find the Jacobian of the transformation 
T from the uv-plane to the xy-plane. 


8. x = e* sinv, y = e cosv 
2 
a2 Z 10. u= Be ha =e 
x+y x+y 
11. (a) Find the image of the region S:0 <u =1,0Sv=1 
under the transformation x = u — uv, y = wv. 
(b) Explain why the transformation is not one-to-one on the 
boundary of S. 
12. Determine where the Jacobian 0(x, y)/d(u, v) of the transfor- 
mation in Problem 11 is zero. 


In Problems 13-22, evaluate the given integral by means of the 
indicated change of variables. 


13. Sfp (x + y) dA, where R is the region bounded by the graphs of 
x—2y=—-6,x-2y=6,xty=—-lxty=3;u=x- 2y, 
vexty 


cosx(x — y) . 
14. ————— dA, where R is the region bounded by the 
3x + y 


R 
graphs of y= x,y =x-—a7,y = —3x+ 3,y = -3x+ 6; 


u=x-y,v=3xt+y 


2 
15. \| = dA, where R is the region bounded by the graphs y = x°, 
x 


R 2 2 


1,2 2 1.25 
‘y: ax Xx yx ay ,U >V 


16. [fp Ge + y’) 3 dA, where R is the region bounded by the circles 
Pt+y=%,r+y=44r+y=2,r+y =6;; 
2x _ 2y . ae. 
7 pV 5 5 (Hint: Form u* + v°.] 
x+y x+y 
17. Sfp? + y’) dA, where R is the region in the first quadrant 
bounded by the graphs of x* — y* = a,x* — y’ = b, 2xy =, 
Ixy =d,0<a<b,0<c<dsu=x —y’,v =2xy 
18. [fp (x? + y’) sin xy dA, where R is the region bounded by the 
graphs of x? a 


u= 


y=1,x-y 9, xy = 2, xy 23 
u=xr-y,v=xy 


19. \| 7 5 dA, where R is the region in the first quadrant 
ytx 


R 
bounded by the graphs of x = 1, y = x*, y = 4 — x’; 


x=Vv-uy=vtu 


20. {Spy dA, where R is the triangular region with vertices (0, 0), 
(2, 3) and (—4, 1); x = 2u — 4v, y = 3ut+v 

21. {fp y' dA, where R is the region in the first quadrant bounded 
by the graphs of xy = l,xy =4,y =x, y = 4x; u = xy, v = yx 

22. ff Sp (4e + 2x — 2y) dV, where D is the parallelepiped 
l=yr723,-lSs—yr7s 1lOSxc-yssuayrz, 
yvSE-ytrywa=x-y 


In Problems 23-26, evaluate the given double integral by means 
of an appropriate change of variables. 


23. fi fl O01) dy dx 28. [@, fet? e297” dy dx 

25. {Sp (6x + 3y) dA, where R is the trapezoidal region in the first 
quadrant with vertices (1, 0), (4, 0), (2, 4), and G, 1) 

26. [fp(x+y)*e dA, where R is the square region with vertices 
(1, 0), (0, 1), C1, 2), and (2, 1) 

27. A problem in thermodynamics is to find the work done by an 
ideal Carnot engine. This work is defined to be the area of 
the region R in the first quadrant bounded by the isothermals 
xy = a, xy = b,0 <a <b, and the adiabatics ae = 
xy'4 = d,0 <c<d. Use A = JJp dA and an appropriate 
substitution to find the area shown in FIGURE 9.17.6. 


y 


FIGURE 9.17.6 Region R for Problem 27 


28. Use V= JS J dV and the substitutions u = x/a, v = y/b, w = z/c 
to show that the volume of the ellipsoid x’/a* + y*/b? + 7/c? = 1 
is V = }aabe. 


2 2 
29. Evaluate the double integral \| (2 + yo 


25 9 
R 
elliptical region whose boundary is the graph of x°/25 + y"/9 = 1. 
Use the substitutions u = x/5, v = y/3, and polar coordinates. 
30. Verify that the Jacobian of the transformation given in (13) 


is A(x, y, 2/A(p, &, 0) = p* sin &. 


) dA, where R is the 
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Answer Problems 1—20 without referring back to the text. Fill in 
the blank or answer true/false. Where appropriate, assume conti- 
nuity of P, Q, and their first partial derivatives. 


1. A particle whose position vector is r(t) = cos ti + cos tj + 


\/2 sin tk moves with constant speed. 

2. The path of a moving particle whose position vector is 
r(t) = (¢ + 1)i+ 4j + fk lies ina plane. 

3. The binormal vector is perpendicular to the osculating plane. 
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4. Ifr(2)is the position vector of a moving particle, then the veloc- 
ity vector v(t) = r’(t) and the acceleration vector a(t) = r’(t) 
are orthogonal. 

5. Vz is perpendicular to the graph of z = f(x, y). 

6. If Vf = 0, then f = constant. 

7. The integral [¢ (x* + y’) dx + 2xy dy, where C is given by 
y= x° from (0, 0) to (1, 1), has the same value on the curve 
y= x° from (0, 0) to (1, 1). 


8. The value of the integral [.2xy dx — x° dy between two points 
A and B depends on the path C. 
9. If C, and C, are two smooth curves such that fc,Pdx + Q dy = 
JSc,P dx + Q dy, then J-P dx + Q dy is independent of the 


path. 

10. If the work {. F - dr depends on the curve C, then F is non- 
conservative. 

11. If aP/dx = dQ/dy, then [- P dx + Q dy is independent of the 
path. 


12. In a conservative force field F, the work done by F around a 
simple closed curve is zero. 
13. Assuming continuity of all partial derivatives, V X Vf = 0. 


14. The surface integral of the normal component of the curl of a 
conservative vector field F over a surface S is equal to zero. 


15. Work done by a force F along a curve C is due entirely to the 
tangential component of F. 

16. For atwo-dimensional vector field F in the plane z = 0, Stokes’ 
theorem is the same as Green’s theorem. 

17. If Fis a conservative force field, then the sum of the potential 
and kinetic energies of an object is constant. 

18. If [-P dx + Q dy is independent of the path, then F = Pi+ Qj 
is the gradient of some function @. 


19. If 6 = 1/V x + y’ isa potential function for a conservative 
force field F, then F = : 

20. If F = f(x)i + g(y)j + A(z)k, then curl F = 

21. Find the velocity and acceleration of a particle whose position 
vector is r(t) = 6ti + tj + t7k as it passes through the plane 
—xty+z=—-4. 

22. The velocity of a moving particle is v(t) = —10ti + 
(3° — 4t)j + k. If the particle starts at t = 0 at (1, 2, 3), what 
is its position at t = 2? = 

23. The acceleration of a moving particle is a(f) = V2 sin tit 

2 cos tj. Given that the velocity and position of the particle 
att = 7/4 are v(7/4) = —i+ j + kandr(a/4) =i+ 2j+ (w/A)k, 
respectively, what was the position of the particle at t = 37/4? 

24. Given that r(t) = 3t7i + 44°j — 5t7k is the position vector of 
a moving particle, find the tangential and normal components 
of the acceleration at any f. Find the curvature. 

25. Sketch the curve traced by r(t) = cosh ti + sinh tj + tk. 

26. Suppose that the vector function of Problem 25 is the position 
vector of a moving particle. Find the vectors T, N, and B at 
t = |. Find the curvature at that point. 


In Problems 27 and 28, find the directional derivative of the 
given function in the indicated direction. 


27. f(x, y) = xy — y’x; D, fin the direction of 2i + 6j 
28. F(x, y, Z) = In(x? + y’ + 2’): D,F in the direction of 
—2i+j+2k 
29. Consider the function f(x, y) = xy*. At (1, 1) what is 
(a) The rate of change of fin the direction of i? 
(b) The rate of change of fin the direction of i — j? 
(c) The rate of change of fin the direction of j? 
30. Letw= Vx? + y? + 22. 
(a) Ifx =3 sin 2t, y = 4 cos 21, and z = 5?°, find dw/dt. 
(b) Ifx=3sin24,y = 4cos2 “and z= 5°73, find afar 


31. Find an equation of the tangent plane to the graph of 


z= sin (xy) at (4, 37,4V3). 


32. Determine whether there are any points on the surface z* + xy — 
2x — y’ = 1 at which the tangent plane is parallel to z = 2. 

33. Express the volume of the solid shown in FIGURE 9.R.1 as one or 
more iterated integrals using the order of integration (a) dy dx and 
(b) dx dy. Choose either part (a) or part (b) to find the volume. 


FIGURE 9.R.1 Solid for Problem 33 


34. A lamina has the shape of the region in the first quadrant 
bounded by the graphs of y = x* and y = x°. Find the center 
of mass if the density at a point P is directly proportional to 
the square of the distance from the origin. 

35. Find the moment of inertia of the lamina described in Problem 
34 about the y-axis. 

36. Find the volume of the sphere x* + y? + 2’ = a’ using atriple 
integral in (a) rectangular coordinates, (b) cylindrical coordi- 
nates, and (c) spherical coordinates. 

37. Find the volume of the solid that is bounded between the cones 
z= Vx2 + y? andz = V9x? + Sy? and the plane z = 3. 


38. Find the volume of the solid shown in FIGURE 9.R.2. 


z=V4—-x2-y2 


‘ = V3x2 + 3y2 


x 
FIGURE 9.R.2 Solid for Problem 38 


In Problems 39-42, find the indicated expression for the vector 
field F = x? yi + xy’j + 2xyzk. 


39. V-F 40. VXF 
a. V-(VXF) 42. V(V- F) 
2 
43. Evaluate | 5 . 5 ds, where C is given by 
cx +y 


x=cos2t, y=sin2t, z=2t, wstS27. 
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44. 


45. 


46. 


47. 


48. 


49. 


50. 


51. 


52. 


53. 


54. 


55. 


56. 


57. 


58. 


59. 


60. 
61. 


62. 


Evaluate fc (xy + 4x) ds, where C is given by 2x + y = 2 
from (1, 0) to (0, 2). 
Evaluate f- 3x’y*dx + (2x*y — 3y’) dy, where C is given by 
y = 5x‘ + 7x7 — 14x from (0, 0) to (1, —2). 
—ydx + xdy . : 
Show that $ —> = 27, where C is the circle 
c x ty 

e+ y =a’. 
Evaluate Jc y sin 7z dx + x°e’ dy + 3xyz dz, where C is given 
byx=ty= t?,z =? from (0, 0, 0) to (1, 1, 1). 
If F = 4yi + 6xj and Cis given by x + y’ = 1, evaluate ¢. F: dr 
in two different ways. 
Find the work done by the force F = x sin yi + y sin xj 
acting along the line segments from (0, 0) to (77/2, 0) and from 
(a/2, 0) to (77/2, 7). 

2. 1 +f 11 
Da 2S Fr ys rom (—>, 3 


to (1, V3) acting on the path shown in FIGURE 9.R.3. 


Find the work done by F = 


+ (1, V3) 


(1, 1) 


FIGURE 9.R.3 Path for Problem 50 


Evaluate ff; (¢/xy) dS, where S is that portion of the cylinder 
z =x’ in the first octant that is bounded by y = 1, y= 3,z= 1, 
z=4. 

If F =i + 2j + 3k, find the flux of F through the square 
defined byOSx=1,0Sy<1,z=2. 

If F = cV(1/r), where cis constant and lIrll = r,r = xi + yj + zk, 
find the flux of F through the sphere x? + y? + 2 = a’. 
Explain why the divergence theorem is not applicable in 
Problem 53. 

Find the flux of F = cV(1/r) through any surface S that forms 
the boundary of a closed bounded region of space not contain- 
ing the origin. 

If F = 6xi + 7zj + 8yk, use Stokes’ theorem to evaluate 
Jf (curl F - n) dS, where S is that portion of the paraboloid 
z=9-— x — y within the cylinder x? + y’ = 4. 

Use Stokes’ theorem to evaluate ¢. —2y dx + 3x dy + 10z dz, 
where C is the circle (x — 1)* + (y — 3)° = 25, z=3. 

Find the work ¢. F - dr done by the force F = vityjt+2k 
around the curve C that is formed by the intersection of the 
plane z = 2 — yand the sphere x? + y? + 2° = 4z. 

If F = xi + yj + zk, use the divergence theorem to evaluate 
SS UF - n) dS, where S is the surface of the region bounded 
by +97 = 1,2=0,z2= 1. 

Repeat Problem 59 for F = 5x°i + $y°j + 427k. 

If F = (x° — e’ tan 'z)i + (x + yj — yz + x'°)k, use the 
divergence theorem to evaluate ff (F - mn) dS, where S is the 
surface of the region in the first octant bounded by z = 1 — x’, 
z=0,z=2-y,y=0. 

Suppose F = xi + yj + (2 + 1)Kand S is the surface of the 
region bounded by x* + y? = a*, z = 0, z = c. Evaluate 
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63. 


64. 


65. 


66. 


SSs GF - n) dS without the aid of the divergence theorem. 
[Hint: The lateral surface area of the cylinder is 27rac. ] 


Evaluate the integral [fp (x? + y?) Wx? — y?dA, where R is 
the region bounded by the graphs of x = 0, x = 1, y = 0, and 
y = 1 by means of the change of variables u = 2xy, v = x — y’. 
Evaluate the integral 


1 
dA, 
| Vo— yr + 20+ y t+ 1 


R 


where R is the region bounded by the graphs of y = x, x = 2, 
and y = 0 by means of the change of variables x = u + uv, 
y=vr uy. 

As shown in FIGURE 9.R.4, a sphere of radius | has its center 
on the surface of a sphere of radius a > 1. Find the surface 
area of that portion of the larger sphere cut out by the smaller 
sphere. 


FIGURE 9.R.4 Spheres in Problem 65 


On the surface of a globe or, more precisely, on the surface of 
the Earth, the boundaries of the states of Colorado and Wyoming 
are both “spherical rectangles.” (In this problem we assume that 
the Earth is a perfect sphere.) Colorado is bounded by the lines of 
longitude 102°W and 109°W and the lines of latitude 37°N and 
41°N. Wyoming is bounded by longitudes 104°W and 111°W 

and latitudes 41°N and 45°N. See FIGURE 9.R.5. 

(a) Without explicitly computing their areas, determine which 
state is larger and explain why. 

(b) By what percentage is Wyoming larger (or smaller) than 
Colorado? [Hint: Suppose the radius of the Earth is R. 
Project a spherical rectangle in the Northern Hemisphere 
that is determined by latitudes 6, and 6, and longitudes 
d, and @, onto the xy-plane. ] 

(c) One reference book gives the areas of the two states as 
104,247 and 97,914 mi”. How does this answer compare 
with the answer in part (b)? 


FIGURE 9.R.5 States WY and CO are spherical rectangles 
in Problem 66 
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CHAPTER ’ 
Systems of Linear 


Differential Equations 


We encountered systems of 
ordinary differential equations in CHAPTER CONTENTS 
Sections 2.9, 3.12, and 4.6 and 

were able to solve some systems 


using either systematic 10.1 Theory of Linear Systems 


elimination or the Laplace 10.2 Homogeneous Linear Systems 
Bais fe tint Tay etiie ha pibel We 10.2.1 Distinct Real Eigenvalues 
focus only on systems of linear ; 

first-order differential equations. 10.2.2 Repeated Eigenvalues 

We will see that the general 10.2.3 Complex Eigenvalues 
they Gls yetems of near Des 10.3 Solution by Diagonalization 

and the solution procedure is : 

similar to that of linear higher- 10.4 Nonhomogeneous Linear Systems 
order equations considered in 10.4.1 Undetermined Coefficients 


Chapter 3. This material is 


fundamental tothe analysis of 10.4.2 Variation of Parameters 


systems of nonlinear first-order 10.4.3 Diagonalization 
equations in Chapter 11. 10.5 Matrix Exponential 
Matrix notation and properties Chapter 10 in Review 


are used extensively throughout 
this chapter. If you are unfamiliar 
with these concepts, a review of 
Chapter 8 is recommended. 
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/10.1| Theory of Linear Systems 


INTRODUCTION Recall that in Section 3.12 we illustrated how to solve systems of n linear 
differential equations in n unknowns of the form 


Pi (D)x, + Py(D)xy + +++ + Pi(D)x, = bi) 
P3,(D)x; + P5(D)x> paeceay P,,(D)x, = b(t) ( ) 

F . 1 
P,,(D)x; + P,(D)x> ae oe Ee P,,(D)x, = b, (0), 


where the P;; were polynomials of various degrees in the differential operator D. In this chapter 
we confine our study to systems of first-order DEs that are special cases of systems that have 
the normal form 


dx, 

ae = g(t, X\, X2, ee) 

dx, ) 

— = Balt, Xy1. Xo, +--+ Xp 

dt 2 is¥2, (2) 
dx, 

dt = Bult, X1, X2, wang Xp): 


A system such as (2) of n first-order equations is called a first-order system. 


[|| Linear Systems When each of the functions g,, 95, ..., g, in (2) is linear in the depen- 
dent variables x), x5,...,x,,, we get the normal form of a first-order system of linear equations: 


dx 
— = a, (x, + a(x, + + a,,(Dx, + fO 
dx 
ry = Ag (DX, + Ag(t)x. + + ay,(Dx, + AO 
(3) 
dx,, 
dt = An (DX + Anlt)X2 a ©Se Se Ann OX + f,(). 


We refer to a system of the form given in (3) simply as a linear system. We assume that the 
coefficients a;(t) as well as the functions f,(‘) are continuous on a common interval J. When f,(1) = 0, 
i= 1,2,...,n, the linear system is said to be homogeneous; otherwise it is nonhomogeneous. 


[| Matrix Form of a Linear System If X, A(d), and F(#) denote the respective matrices 


X,(0) a(t) a(t) a), (0) AiO 
X= ae . AW) = a(t) y(t) °° oe F() = LO 
X,(0) (0) Ay2(0) a Ayn (OD) SiO 
then the system of linear first-order differential equations (3) can be written as 
xy a(t) a(t) + a, (0) xy fi® 
A] xX) _ [ aM alt) + a, l(t) os ee AO 
dt) : : : : : 
Xn Ani) a,2(t) _ Anat) Xn SiO 
or simply X’=AX+F. (4) 
If the system is homogeneous, its matrix form is then 
X’ = AX. (5) 
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| EXAMPLE1 | Systems Written in Matrix Notation 


(a) IfX = (*) , then the matrix form of the homogeneous linear system 
y 


= 2x + 9y — z+ Of 


dx 
a 3x + 4y (3 ‘ 
is X' = x 
x = 5x — Ty 7. d 
dt 
x 
(b) If X = | y ], then the matrix form of the nonhomogeneous linear system 
Zz 
dx 
ad =6x+tyt+zt+t 
a 1 1 t 
Zo eae is X'’={!]8 7 -1]X+] 10 
dz 9 -1 6t 
dt 


Definition 10.1.1 Solution Vector 


A solution vector on an interval J is any column matrix 


x\(0) 
x a) 
X,(0) 


whose entries are differentiable functions satisfying the system (4) on the interval. 


A solution vector of (4), of course, is equivalent to n scalar equations x, = @,(), x» = (1), ..., 
x, = $,(t), and can be interpreted geometrically as a set of parametric equations of a space curve. 
In the cases n = 2 and n = 3, the equations x, = ,(f), x» = (ft), and x, = (1), x» = (0), 
x; = 3(f) represent curves in 2-space and 3-space, respectively. It is common practice to call 
such a solution curve a trajectory. The plane is also called the phase plane. We will illustrate 
these concepts in the section that follows, as well as in Chapter 11. 


| EXAMPLE2 | Verification of Solutions 


Verify that on the interval (—oo, 00) 


. 1 3 
are solutions of x X. (6) 


—2 —2t 18 6r 
SOLUTION From X/ = ( i ) and X; = be we see that 
e 


as _ (; )( > _ ( e?! _ eo) _ es _ re 
. 5 3/\-e 5e 2 — 372! Je°4 ! 
1 3\/3e° 3e% + = ee 
d AX, = = = =X). 
a ? (: °) es ey + 150% 300% 2 
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Much of the theory of systems of 1 linear first-order differential equations is similar to that 
of linear nth-order differential equations. 


J Initial-Value Problem Let 4, denote a point on an interval J and 


X(t) v1 
x(t) = | 2 | ama x, = [ % I, 
Xn(to) Yn 
where the y;, i = 1, 2,..., m are given constants. Then the problem 
Solve: X’ = A(X + F(O 


7 
Subject to: X(to) = Xo (7) 


is an initial-value problem on the interval. 


Theorem 10.1.1 Existence of a Unique Solution 


Let the entries of the matrices A(f) and F(t) be functions continuous on a common interval J 
that contains the point f). Then there exists a unique solution of the initial-value problem (7) 
on the interval. 


Hi H omogeneous Systems In the next several definitions and theorems we are concerned 
only with homogeneous systems. Without stating it, we shall always assume that the a;; and the 
jf, are continuous functions of tf on some common interval /. 


]| Superposition Principle The following result is a superposition principle for solu- 
tions of linear systems. 


Theorem 10.1.2 Superposition Principle 


Let X,, X5,..., X; be a set of solution vectors of the homogeneous system (5) on an interval /. 
Then the linear combination 


X= cx F CyX> ap coe Sp CyXy; 
where the c;,i = 1, 2,..., k are arbitrary constants, is also a solution of the system on the interval. 


It follows from Theorem 10.1.2 that a constant multiple of any solution vector of a homogeneous 
system of linear first-order differential equations is also a solution. 


| EXAMPLE3 | Using the Superposition Principle 


You should practice by verifying that the two vectors 


cos t 0 
X, = | —5cost + 5sint | and X, =| e’ 


—cost — sint 


are solutions of the homogeneous system 


1 0 1 
X' = 1 1 O |X. (8) 
=. O° =] 


By the superposition principle, Theorem 10.1.2, the linear combination 
cos ¢ 0 
xX = cx + CyXy = Cc; —5cos t + Ssint + Cy e' 


—cost — sint 0) 


is yet another solution of the system. 
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]| Linear Dependence and Linear Independence We are primarily interested in 
linearly independent solutions of the homogeneous system (5). 


Definition 10.1.2 Linear Dependence/Independence 


Let X,, X5,..., X; be a set of solution vectors of the homogeneous system (5) on an interval /. 
We say that the set is linearly dependent on the interval if there exist constants ¢, C2, ..., Cx, 
not all zero, such that 


for. ar CyX ap 088 45 c,X;, = 0 


for every ¢ in the interval. If the set of vectors is not linearly dependent on the interval, it is 
said to be linearly independent. 


The case when k = 2 should be clear; two solution vectors X, and X, are linearly dependent 
if one is a constant multiple of the other, and conversely. For k > 2, a set of solution vectors is 
linearly dependent if we can express at least one solution vector as a linear combination of the 
remaining vectors. 


| Wronskian As in our earlier consideration of the theory of a single ordinary differential 
equation, we can introduce the concept of the Wronskian determinant as a test for linear inde- 
pendence. We state the following theorem without proof. 


Theorem 10.1.3 Criterion for Linearly Independent Solutions 


X11 X12 Xin 
X91 X29 X2n 
Let xX, = > le X, = > |ly evan xX, = : 
Xn Xn2 Xnn 


be n solution vectors of the homogeneous system (5) on an interval J. Then the set of solution 
vectors is linearly independent on / if and only if the Wronskian 


Xi X12 Xn 
Sony 5 Rey 
WX RS | | #0 (9) 
Xn Xn2 a Xnn 
for every ¢ in the interval. 
It can be shown that if X,, X,,..., X,, are solution vectors of (5), then for every t 


in J, either W(X,, X,,..., X,) # 0 or W(X,, X),..., X,) = 0. Thus if we can show that 
W # 0 for some fp in /, then W # 0 for every f; hence the set of solutions is linearly independent 
on the interval. 

Notice that, unlike our definition of the Wronskian in Section 3.1, here the definition of the 
determinant (9) does not involve differentiation. 


| EXAMPLE4 | Linearly Independent Solutions 


1 3 
In Example 2 we saw that X; = (_ ; e ~ and X, = (2) e are solutions of system (6). 


Clearly X, and X, are linearly independent on the interval (—oo, oo) since neither vector is a 
constant multiple of the other. In addition, we have 


—2t 3 6t 


—e7 50% 


W(X,, X>) = = 8e" #0 


for all real values of t. 
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Definition 10.1.3 Fundamental Set of Solutions 


Any set X,, X5,..., X,, of n linearly independent solution vectors of the homogeneous 
system (5) on an interval / is said to be a fundamental set of solutions on the interval. 


Theorem 10.1.4 Existence of a Fundamental Set 


There exists a fundamental set of solutions for the homogeneous system (5) on an interval /. 


The next two theorems are the linear system equivalents of Theorems 3.1.5 and 3.1.6. 


Theorem 10.1.5 General Solution—Homogeneous Systems 


Let X,, X5,..., X,, be a fundamental set of solutions of the homogeneous system (5) on an 
interval /. Then the general solution of the system on the interval is 
2S (OG ae GG ae 5 ar ES 


n'n? 


where the c;, i = 1, 2,..., n are arbitrary constants. 


| EXAMPLES | General Solution of System (6) 


1 3 
From Example 2 we know that X, = (_ | e* and X, = :) e® are linearly independent 


solutions of (6) on (—o, oo). Hence X, and X, form a fundamental set of solutions on the 
interval. The general solution of the homogeneous system on the interval is then 


1 3 
X =c,X,+ ©X,=¢, (les + ca( 2 )e (10) = 


| EXAMPLE6 | General Solution of System (8) 


The vectors 


cos ¢ 0 sin ¢ 
X, =| —dcost + tsint ], X, =| 1 Je’, X,; =| —4sint — 5cost 
—cost — sint 0 —sint + cost 


are solutions of the system (8) in Example 3 (see Problem 16 in Exercises 10.1). Now 


cos t 0 sin t 
W(X,, X,, X;) = |-;cost + 4sint e’ —}sint — ;cost| =e' #0 
—cost — sint 0 —sint + cost 


for all real values of t. We conclude that X,, X,, and X; form a fundamental set of solutions 
on (—co, oo). Thus the general solution of the homogeneous system on the interval is the linear 
combination X = cX, + c,X, + c3X;; that is, 


cos ¢ 0 sin t 
X =c,| —5cost + tsint | + c{ 1 Je’ + c3| —5sint — 5cost = 
—cost — sint 0 —sint + cost 


I| Nonhomogeneous Systems For nonhomogeneous systems, a particular solution 
X,, on an interval / is any vector, free of arbitrary parameters, whose entries are functions that 
satisfy system (4). 
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Theorem 10.1.6 General Solution—Nonhomogeneous Systems 


Let X, be a given solution of the nonhomogeneous system (4) on an interval /, and let 


X, =c,X, + oX, +--+: + ¢,X, 


i aa 13 


denote the general solution on the same interval of the associated homogeneous system (5). 
Then the general solution of the nonhomogeneous system on the interval is 


X=X,+X,. 


The general solution X.. of the associated homogeneous system (5) is called the complementary 
function of the nonhomogeneous system (4). 


| EXAMPLE7 | General Solution—Nonhomogeneous System 
3r — 4 
—S5t+ 6 


(, sx + (75 "1 a) 
5 3 =3 


on the interval (—oo, oo). (Verify this.) The complementary function of (11) on the same 
1 
5 


1 3 
X.= (les + al?) e*'. Hence by Theorem 10.1.6 


1 3 3t — 4 
X=X,+X,= a(_t)e + a2) eo + € i‘ *) 


is the general solution of the nonhomogeneous system (11) on the interval (—oo, 00). = 


The vector X, = ( ) is a particular solution of the nonhomogeneous system 


3 
interval, or the general solution of X’ = ( ;) X, was seen in (10) of Example 5 to be 


| 10.1 | | Exercises| Answers to selected odd-numbered problems begin on page ANS-25. 


In Problems 1-6, write the given linear system in matrix form. 6. dx ee ee 
dx dx dt 
1. — = 3x — 5y 2. —=4x-—Ty hy 
dt dt — = 5x + 9z + 4e ‘cos 2t 
OD dees Dk : 
dt = - dt . ® _ tee 
d dt ~ 
Ix dx 
3. — = —3x + 4y — 9z 4. —=x-y 
dt dt In Problems 7—10, write the given linear system without the use 
dy dy of matrices. 
—=6x-y —=x+2z 
dt 7 dt 4 2 1 
; nxe(* Axe( Se 
“ = 10x + dy +32 a xtz “1 3 ~1 
dt ° dt 
ie 7 > =9 0 8 
5am ytzttn 8. X’ =|4 1 1)]X+4+ {2 Je’—10 Je~ 
dy : 0 -2 3 1 3 
ee ee F 1 -1 2\/x 1 3 
dz ; rr] 3 -4 LJ) y]+]2]Je'- | -1 Ir 
Boe Pa eee Z = S. © F 2 1 
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10. — = + sin ft + e 
dt \y 1 1/ \y 8 2t+ 1 


In Problems 11-16, verify that the vector X is a solution of the 
given homogeneous linear system. 


ie ee 

a |) OA 

dt y 
dy 1 
-=4x-Ty, X= —5t 
paint X=(j)e 
dx 

12. —=-2x4+5 
dt * - 
dy 


5cos t 
—=-2x+4y, X= ; é 
dt 3cost — sint 
4 , —31/2 
X; X= Hl 
i) (- 2) 
4 
ae t t 
-1 ss -(; )e ©) : 


— 
= 
~ 
ll 
7 
ie) 


1 1 1 
15, X’ = 6 -l O]X; X= 6 
-1 -2 -1 =13 
1 O 1 sin t 
16. X’ = 1 1 0 |X; X=] —jsint — 5cost 
—2 0 -!l —sint + cost 


In Problems 17—20, the given vectors are solutions of a system 
X’' = AX. Determine whether the vectors form a fundamental 
set on the interval (—oo, oo). 


= 1.2 
17. X,= (ie 4X, = (tye us 

1 2 8 
mxi-(en-()e+( 


1 1 1 
19. X, = (- 4 (2) =| -2 |, 
4 a 4 
3 2 
so [- (3) 
12 4 
1 1 
20. X, = 6|,X,=| -2]e“*x,=|[ 3 |e 
-13 -1 =3 


In Problems 21-24, verify that the vector X, is a particular 
solution of the given nonhomogeneous linear system. 


21. 


22. 


23. 


24. 


25. 


26. 


ae +4y+2t-7 
de °° 
dy 2 =) 
— = 3x + 2y — 4t- 18; X, = t+ 
a | ° é (;) 
2 1 =5 1 
X' = X + ; X,= 
1 =1 2 a =) 
2 1 1 
xX’ = x - e’; 
3 4 7 
= 1 t 1 t 
X, = 1 ek 1 te 
1 2 3 =] 
X’ =|] -4 2 O]X+ 4 |sin 34; 
-6 1 O 3 
sin 3t 
xX, = 0 
cos 3t 
Prove that the general solution of the homogeneous linear system 


0 6 0 
X'’=]1 0 17x 
1 1 O 


on the interval (—oo, 00) is 


6 =3 2 
X=c,| -lle‘+o| 1]e*%+e,] 1 | e™. 
=3 1 1 


Prove that the general solution of the nonhomogeneous linear 
system 


(xe eC) (3) 


on the interval (—oo, 00) is 
K = a( : eV + af : Jews 
\-1- V2 ht 9, 


(Gea) Oo): 


/10.2| Homogeneous Linear Systems 


INTRODUCTION 


In Example 5 of Section 10.1 we saw that the general solution of the 


=] 


L 3 1 4 3 ; 
homogeneous system X’ = (; ) xisx =c,)X,; +X, = af Jen + (3) e”. Since 


both solution vectors have the form X; = (*) ej = 1,2, where k,, ky, Ay, and A, are constants, 
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We will be dealing only with > 
linear systems with constant 
coefficients. 


See Theorem 8.6.6 on page 412. > 


we are prompted to ask whether we can always find a solution of the form 


X=] 2 |e = Ke” (1) 
k, 

for the general homogeneous linear first-order system 
X’ = AX, (2) 


where the coefficient matrix A is an X n matrix of constants. 


Hi Eigenvalues and Eigenvectors If (1) is to be a solution vector of the system, then 
X’ = Kae” so that (2) becomes KAe™ = AKe”. After dividing out e™ and rearranging, we obtain 
AK = AK or AK — AK = 0. Since K = IK, the last equation is the same as 


(A — ADK = 0. (3) 


The matrix equation (3) is equivalent to the system of linear algebraic equations 


(ay, — Ak, + Aypky to + Ay yk, = 9 
yk, + (day — A)kg +o + Ay»K, = 0 
Anik + Ayrky 2 ee (Gun ~~ A)k,, = 0. 


Thus to find a nontrivial solution X of (2) we must first find a nontrivial solution of the foregoing 
system; in other words, we must find a nontrivial vector K that satisfies (3). But in order for (3) 
to have solutions other than the obvious trivial solution k, = ky =::: = k, = 0, we must have 


det(A — AT) = 0. 


This polynomial equation in A is called the characteristic equation of the matrix A; its solutions 
are the eigenvalues of A. A solution K # 0 of (3) corresponding to an eigenvalue A is called an 
eigenvector of A. A solution of the homogeneous system (2) is then X = Ke”. 

In the following discussion we examine three cases: all the eigenvalues are real and distinct 
(that is, no eigenvalues are equal), repeated eigenvalues, and finally, complex eigenvalues. 


10.2.1 Distinct Real Eigenvalues 


When the n X n matrix A possesses n distinct real eigenvalues A,, Az,..., A, then a set of n 
linearly independent eigenvectors K,, K5,..., K,, can always be found and 
X, = K,e™, X, = K,e*”, svese'g X,, = K,e™ 


is a fundamental set of solutions of (2) on (—oo, 00). 


Theorem 10.2.1. General Solution—Homogeneous Systems 


Let A, Ay, ..., A, be n distinct real eigenvalues of the coefficient matrix A of the homogeneous 
system (2), and let K,, K,, ..., K,, be the corresponding eigenvectors. Then the general solution 
of (2) on the interval (—oo, co) is given by 


Kookie" coke? ick, 


| EXAMPLE1 | Distinct Eigenvalues 


dx 


Sol —=2x4+3 
olve a x y 
P (4) 
y 
—=22x+y. 
dt ke 
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a oe a oes ee oe 


rere at 
3 «4-2 
(b) Graph of y =-e~ + 2e* 


SEC ii Le | 

0 25 § 75. 10 12:5. 15 

(c) Trajectory defined by x = e~ + 3e*, 
y =-e* + 2e“' in the phase plane 


FIGURE 10.2.1 A particular solution of 
(5) gives three different curves in three 
different coordinate planes 


y 


FIGURE 10.2.2 A phase portrait of 
system (4) 


SOLUTION We first find the eigenvalues and eigenvectors of the matrix of coefficients. 
From the characteristic equation 


2= xX 3 7 
det(A — AD = ) pag ee Oe eee 
we See that the eigenvalues are A, = —1 and A, = 4. 
Now for A, = —1, (3) is equivalent to 
3k, + 3k, = 0 
2k, + 2k, = 0. 
Thus k, = —k,. When k, = —1, the related eigenvector is 
mi =(3) 
1 1) 
For A, = 4, we have —2k, + 3k, =0 
2k, — 3k, = 0 


so that k, = 3k>, and therefore with k, = 2, the corresponding eigenvector is 


Since the matrix of coefficients A is a 2 X 2 matrix, and since we have found two linearly 
independent solutions of (4), 


1 3 
X, = ( Je and X, = ( ew 
—1 2 


we conclude that the general solution of the system is 


1 3 
X =c)X, + OX, =c, & e'+c, @ eM (5) = 


il Phase Portrait For the sake of review, you should keep firmly in mind that a solution of 
a system of linear first-order differential equations, when written in terms of matrices, is simply 
an alternative to the method that we employed in Section 3.12—namely, listing the individual 
functions and the relationship between the constants. If we add the vectors on the right side of 
(5) and then equate the entries with the corresponding entries in the vector of the left, we obtain 
the more familiar statement 


x=ce'+3ce%, y=—ce' + 2c,e. 


As pointed out in Section 10.1, we can interpret these equations as parametric equations of a 
curve or trajectory in the xy-plane or phase plane. The three graphs shown in FIGURE 10.2.1, 
x(t) in the tx-plane, y(t) in the ty-plane, and the trajectory in the phase plane, correspond to the 
choice of constants c, = c, = | in the solution. A collection of trajectories in the phase plane as 
shown in FIGURE 10.2.2 is said to be a phase portrait of the given linear system. What appears 
to be two red lines in Figure 10.2.2 are actually four half-lines defined parametrically in the 
first, second, third, and fourth quadrants by the solutions X,, —X,, —X,, and X,, respectively. 
For example, the Cartesian equations y = 3x, x > 0, and y = —x, x > 0, of the half-lines in the 
first and fourth quadrants were obtained by eliminating the parameter fin the solutions x = 3e, 
y = 2e“’, and x = e', y = —e “, respectively. Moreover, each eigenvector can be visualized as a 


3 
two-dimensional vector lying along one of these half-lines. The eigenvector K, = (3) lies along 


y = 3x in the first quadrant and K, = (_ > lies along y = — x in the fourth quadrant; each 


vector starts at the origin with K, terminating at the point (2, 3) and K, terminating at (1, —1). 
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The origin is not only a constant solution, x = 0, y = 0, of every 2 X 2 homogeneous linear 
system X’ = AX but is as well an important point in the qualitative study of such systems. If 
we think in physical terms, the arrowheads on a trajectory in Figure 10.2.2 indicate the direc- 
tion that a particle with coordinates (x(t), y(¢)) on a trajectory at time t would move as time 
increases. Observe that the arrowheads, with only those on the half-lines in the second and 
fourth quadrants being the exception, indicate that a particle would move away from the origin 
as time f increases. If we imagine time ranging from —oo to ov, then inspection of the solution 
x= ce ' + 3ce", y = —cye' + 2c,e", c, # 0, co # 0, shows that a trajectory, or moving 
particle, “starts” asymptotic to one of the half-lines defined by X, or —X, (since e“ is negligible 
for t—> —oo) and “finishes” asymptotic to one of the half-lines defined by X, and —X, (since 
e ‘is negligible for t > oo). 

We note in passing that Figure 10.2.2 represents a phase portrait that is typical of all 2 x 2 
homogeneous linear systems X' = AX with real eigenvalues of opposite signs. See Problem 19 
in Exercises 10.2. Moreover, phase portraits in the two cases when distinct real eigenvalues have 
the same algebraic sign would be typical portraits of all such 2 X 2 linear systems; the only dif- 
ference is that the arrowheads would indicate that a particle would move away from the origin on 
any trajectory as f > co when both A, and A, are positive and would move toward the origin on 
any trajectory when both A, and A, are negative. Consequently, it is common to call the origin a 
repeller in the case A, > 0, A, > 0, and an attractor in the case A; < 0, A, < 0. See Problem 20 
in Exercises 10.2. The origin in Figure 10.2.2 is neither a repeller nor an attractor. Investigation 
of the remaining case when A = 0 is an eigenvalue of a2 X 2 homogeneous linear system is left 
as an exercise. See Problem 52 in Exercises 10.2. 


| EXAMPLE2 | Distinct Eigenvalues 


dx 
Solve = -dy + y+ z 
dt : 
dy 
“te AE Say 6 
a x+5y- z (6) 
dz 
—= — 3z. 
dt y . 


SOLUTION Using the cofactors of the third row, we find 


—-4— 2X 1 1 
det(A — AD = i 5-2 -l1 = —(A + 3)(A + 4)(A — 5) = 0, 
0 1 —-3- 2 
and so the eigenvalues are A; = —3, A, = —4,A3 =5. 

For A; = —3, Gauss—Jordan elimination gives 
1 | 1/0 operations / 0 —1)0 
(A + 3110) = 1 8 —-1]0 => 0 1 0|0 
0 1 0/0 0 O 0|0 


Therefore k,; = k3; and k, = 0. The choice k; = 1 gives an eigenvector and corresponding 
solution vector 


1 1 
k= | 0 |, Se 0 |e (7) 
1 1 
Similarly, for A, = —4, 
0 1 1|0 ee 1 O -10 
(A + 4110)={]1 9 —-1}0 => 0 1 1/0 
0 1 1/0 0 O 0/0 
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602 


implies k, = 10k; and k, = —k3. Choosing k3 = 1, we get a second eigenvector and solution 
vector 


10 10 
K,=|-1], X,=|-1 Je“ (8) 
1 1 


Finally, when A; = 5, the augmented matrices 


oT) cents (1 9 ~ 1/0 
(A — 5110) = 1 0 -1/0]/ > [0 1 -8]0 
0 1 -8/0 0 0 O|]0 
1 
yield K,=|8]|, X;=| 8 Je™. (9) 
1 


The general solution of (6) is a linear combination of the solution vectors in (7), (8), and (9): 


1 10 1 
X=c,| 0 Je *+c,| -1 Je“ +c, 8 Je. = 
1 1 1 


Hi Use of Computers Software packages such as MATLAB, Mathematica, and Maple can 
be real time savers in finding eigenvalues and eigenvectors of a matrix. For example, to find the 
eigenvalues and eigenvectors of the matrix of coefficients in (6) using Mathematica, we first 
input the definition of the matrix by rows: 


m= { {—4, 1, 1}, { 1, 5, —-1}, { 0, 1, 3} }. 
The commands Eigenvalues[m] and Eigenvectors[m] given in sequence yield 
{5,—-4,-3} and {{ 1,8, 1}, { 10, —1, 1}, { 1,0, 1} }, 


respectively. In Mathematica, eigenvalues and eigenvectors can also be obtained at the same 
time by using Eigensystem[m]. 


10.2.2 Repeated Eigenvalues 


Of course, not all of the n eigenvalues A,, A5,..., A,, of ann X n matrix A need be distinct; that 
is, some of the eigenvalues may be repeated. For example, the characteristic equation of the 


coefficient matrix in the system 
3. =18 
ae ( )x (10) 


2 =9 


is readily shown to be (A + 3)? = 0, and therefore A, = A, = —3 is a root of multiplicity two. 
For this value we find the single eigenvector 


K, = @) so X, = Gra (11) 


is one solution of (10). But since we are obviously interested in forming the general solution of 
the system, we need to pursue the question of finding a second solution. 

In general, if m is a positive integer and (A — A,)”" is a factor of the characteristic equation 
while (A — A,)"*' is not a factor, then A, is said to be an eigenvalue of multiplicity m. The next 
three examples illustrate the following cases: 


(i) Forsomen X n matrices A it may be possible to find m linearly independent eigen- 
vectors K,, K5,..., K,, corresponding to an eigenvalue A, of multiplicity m <n. In 
this case, the general solution of the system contains the linear combination 


cK e*" + cK,e*" + ++ + ¢,K,,e2". 


m m 
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(ii) If there is only one eigenvector corresponding to the eigenvalue A, of multiplicity 
m, then m linearly independent solutions of the form 


xX, = K,,e" 
X, = Ky,te*” + Kye" 


gmt tn 2 


eM + Ky ———— ett Kye, 


xX a 
mi (m = 1)! (m _ 2)! mm@ 


=K 


m 
where K;; are column vectors, can always be found. 


I Eig envalue of Multipli city Two We begin by considering eigenvalues of multiplicity 
two. In the first example we illustrate a matrix for which we can find two distinct eigenvectors 
corresponding to a repeated eigenvalue. 


| EXAMPLE3 | Repeated Eigenvalues 


1 -2 2. 
Solve X'’=j] -—2 1 -2]xX. 
2 -—2 1 


SOLUTION Expanding the determinant in the characteristic equation 


1-2 =2 2 
det(A — AI) = | —2 1-2 —2 | =0 
2 =2 l= 
yields —(A + 1)°(A — 5) = 0. We see that A, = A, = —land A; =5. 

For A; = —1, Gauss—Jordan elimination immediately gives 
a oC) Gee 
(A + 110) = | —2 2 —-2/0 => 0 0 0|0 
2 =2 2|0 0 0 O0|;0 


The first row of the last matrix means k, — ky + k; = 0 or k, = ky — ky. The choices ky = 1, 
k; = Oand ky = 1,k3 = 1 yield, in turn, k, = 1 andk, = 0. Thus two eigenvectors corresponding 
to A, = —1 are 


1 0 
K, =| 1 and K, =] 1 
0 1 


Since neither eigenvector is a constant multiple of the other, we have found, corresponding 
to the same eigenvalue, two linearly independent solutions 


1 0 
X,=|]1 Je‘ and X,=] 1 Je“ 
0 1 
Lastly, for A3 = 5, the reduction 
4 R210) att (1 9 1/0 
(A — 5110) = 2 4 210 => 0 1 1/0 
2 —-2 —-41]0 0 O 0/0 


implies k, = k; and k, = —k;. Picking k3; = | gives k; = 1, ky = —1, and thus a third eigen- 
vector is 
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We conclude that the general solution of the system is 


1 0) 1 
X =c,| 1 Je + c,] 1 Je* + c,[ —1 Je™ = 
0 1 1 


The matrix of coefficients A in Example 3 is a special kind of matrix known as a symmetric 
matrix. Ann X n matrix A is said to be symmetric if its transpose A’ (where the rows and col- 
umns are interchanged) is the same as A; that is, if A’ =A. It can be proved that if the matrix 
A in the system X’ = AX is symmetric and has real entries, then we can always find n linearly 
independent eigenvectors K,, K;,..., K,, and the general solution of such a system is as given 
in Theorem 10.2.1. As illustrated in Example 3, this result holds even when some of the eigen- 
values are repeated. 


I| Second Solution Now suppose that A, is an eigenvalue of multiplicity two and that there 
is only one eigenvector associated with this value. A second solution can be found of the form 


X, = Kte + Pe, (12) 
ky Pi 
k, 2 
where K = - and P= i 
k, Pn 


To see this we substitute (12) into the system X’ = AX and simplify: 
(AK — A,K)te*’ + (AP — A,P — Kye’ = 0. 
Since this last equation is to hold for all values of t, we must have 
(A — A,DK = 0 (13) 
and (A — A, DP = K. (14) 


Equation (13) simply states that K must be an eigenvector of A associated with A,. By solving 
(13), we find one solution X, = Ke". To find the second solution X, we need only solve the 
additional system (14) for the vector P. 


| EXAMPLE 4 | Repeated Eigenvalues 


Find the general solution of the system given in (10). 


3 
SOLUTION From (11) we know that A, = —3 and that one solution is X, = ( Jew 


3 
Identifying K = @ and P = @ , we find from (14) that we must now solve 
P2 
6p, — 18p, = 3 
(A+3DP=K or 2! 
2p, — 6p, = 1 


Since this system is obviously equivalent to one equation, we have an infinite number of choices 


for p; and p). For example, by choosing p, = 1 we find p, = §. However, for simplicity, we 
1 


shall choose p; = + so that p, = 0. Hence P = 6) Thus from (12), 


1 
X, = (3) te + (*)e 
1 0) 


The general solution of (10) is then 


1 
X = ai(})e" + e(?) te + (2)e 
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FIGURE 10.2.3 A phase portrait of 
system (10) 


By assigning various values to c, and c, in the solution in Example 4, we can plot trajectories 
of the system in (10). A phase portrait of (10) is given in FIGURE 10.2.3. The solutions X; and —X, 
determine two half-lines y = 5X, x >0, andy = 5X, x < 0, respectively, that are shown in red in 
Figure 10.2.3. Because the single eigenvalue is negative and e *’—>0 as t—> 00 on every trajectory, 
we have (x(f), y(t)) — (0, 0) as t—> oo. This is why the arrowheads in Figure 10.2.3 indicate that a 
particle on any trajectory would move toward the origin as time increases and why the origin is an 
attractor in this case. Moreover, a moving particle on a trajectory x = 3c,e + c,(te* + $e*4, 
y =cye “ + cote *, cy = 0, approaches (0, 0) tangentially to one of the half-lines as f > oo. In 
contrast, when the repeated eigenvalue is positive the situation is reversed and the origin is a 
repeller. See Problem 23 in Exercises 10.2. Analogous to Figure 10.2.2, Figure 10.2.3 is typical 
of all 2 X 2 homogeneous linear systems X’ = AX that have repeated negative eigenvalues. See 
Problem 34 in Exercises 10.2. 


I| Eigenvalue of Multiplicity Three When the coefficient matrix A has only one eigen- 
vector associated with an eigenvalue 4, of multiplicity three, we can find a solution of the form 
(12) and a third solution of the form 


12 
X, = K>e™ + Pte* + Qe, (15) 
ky P 1 
k 
where K = . , P= ‘ , and Q= _ 
k, Pn An 


By substituting (15) into the system X’ = AX, we find that the column vectors K, P, and Q 
must satisfy 


(A — A,DK = 0 (16) 
(A—A,.DP=K (17) 
and (A — A,DQ =P. (18) 


Of course, the solutions of (16) and (17) can be used in forming the solutions X, and X,. 


| EXAMPLES | Repeated Eigenvalues 


2 1 6 
Solve X'’=|]0 2 5 |X. 
0 0 2 


SOLUTION The characteristic equation (A — 2)? = 0 shows that A, = 2 is an eigenvalue of 
multiplicity three. By solving (A — 21I)K = 0 we find the single eigenvector 


1 
K=|0 
0 


We next solve the systems (A — 21I)P = K and (A — 21)Q = P in succession and find that 


0 0 
P=|1] and Q=|{ -3 
0 5 


Using (12) and (15), we see that the general solution of the system is 


1 1 


0 
2 
t 
X =c,| 0 Je +c] | 0 | te 4+ | 1 Je} 4+ c,/ | 0 ao 1 }te~ +] -S]e*|. = 
0 3 


0 0 0 0 
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REMARKS 


When an eigenvalue A, has multiplicity m, then we can either find m linearly independent eigen- 
vectors or the number of corresponding eigenvectors is less than m. Hence the two cases listed 


on pages 602 and 603 are not all the possibilities under which a repeated eigenvalue can occur. 
It could happen, say, that a5 X 5 matrix has an eigenvalue of multiplicity 5 and there exist three 
corresponding linearly independent eigenvectors. See Problems 33 and 53 in Exercises 10.2. 


10.2.3 Complex Eigenvalues 


If A, = a + iB and A, = a — iB, B > 0, i? = —1, are complex eigenvalues of the coefficient 
matrix A, we can then certainly expect their corresponding eigenvectors to also have complex 
entries.” 
For example, the characteristic equation of the system 
dx 
—_— = 6. — 
dt oe (19) 
Ose +4 
dt is ? 


=)? - 10A + 29 =0. 


. 6—-—A —1 
is det(A — AD = 


5 4- ‘ 
From the quadratic formula we find A, = 5 + 27, A, =5 — 2i. 
Now for A, = 5 + 2i we must solve 
(1 — 21k, — ky =0 
5k, — (1 + 20k, = 0. 


Since k, = (1 — 2i)k,," the choice k, = 1 gives the following eigenvector and a solution vector: 


1 I . 
K _ : xX — G+2)t 
(, = ) (, ze mr 


In like manner, for A, = 5 — 2i we find 


il) eal ae 
1+ 2i 1+ 2i 


We can verify by means of the Wronskian that these solution vectors are linearly independent, 
and so the general solution of (19) is 


1 : 1 ; 
XxX = (54+ 2i)t + o ) (—2i)t 20 
al, * Je 2) 4 oe)” (20) 


Note that the entries in K, corresponding to A, are the conjugates of the entries in K, cor- 
responding to A,. The conjugate of A, is, of course, A,. We write this as A, = A, and K, = Ky. 
We have illustrated the following general result. 


Theorem 10.2.2 Solutions Corresponding to a Complex Eigenvalue 


Let A be the coefficient matrix having real entries of the homogeneous system (2), and let K, 
be an eigenvector corresponding to the complex eigenvalue A, = a + iB, a and B real. Then 


K,e*™ and Kye 


are solutions of (2). 


*When the characteristic equation has real coefficients, complex eigenvalues always appear in conjugate 
pairs. 
‘Note that the second equation in the system is simply 1 + 2i times the first equation. 
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It is desirable and relatively easy to rewrite a solution such as (20) in terms of real functions. 
To this end we first use Euler’s formula to write 


24201 = eel = @' (cos 2t + i sin 2A) 
20-201 — oS 


e ~ = e"(cos 2t — isin 20). 


Then, after we multiply complex numbers, collect terms, and replace c, + cy by C; and (c, — cp)i 
by C,, (20) becomes 


X=C 54 CX, (21) 


1 0O\. 5 cos 2t 5 
where xX, = cos 2t — sin 2t/e* = . e” 
1 —2 cos 2f + 2 sin 2t 
0 1 in 2t 
and X, = ( )eos 2t + ( ) sn 26 = ( a ; Jer 
—2 1 —2 cos 2t + sin 2t 


It is now important to realize that the two vectors X, and X, in (21) are themselves linearly 
independent real solutions of the original system. Consequently, we are justified in ignoring 
the relationship between C,, C, and c;, c,, and we can regard C, and C, as completely arbitrary 
and real. In other words, the linear combination (21) is an alternative general solution of (19). 

The foregoing process can be generalized. Let K, be an eigenvector of the coefficient 
matrix A (with real entries) corresponding to the complex eigenvalue A, = a + i8. Then the two 
solution vectors in Theorem 10.2.2 can be written as 


K,e*" = K,e“e = K,e“(cos Bt + isin Br) 
K,e*" = K,e“e~® = K,e“(cos Bt — isin Br). 
By the superposition principle, Theorem 10.1.2, the following vectors are also solutions: 


I = on = ~ 
X, = 5 Kye" + Kye) = 5K, + K))e*cos Br - 5K + K)e“sin Bt 


; oe . = 1 = 
X, = 5 (Ke + Kye") = 5K, + K)e“cos Br + 5 (K, + K))esin Br 


1 . 
For any complex number z = a + ib, both 3 (z + z) = aand ; (—z + z) = bare real numbers. 


1 _ j — 
Therefore, the entries in the column vectors 2 (K, + K,) and : (—K, + K,) are real numbers. 
By defining 


1 _ ; _ 
B, = 5(K, + Kj) and B, = 5(K + K)), (22) 
we are led to the following theorem. 


Theorem 10.2.3 Real Solutions Corresponding to a Complex Eigenvalue 


Let A, = a + if be a complex eigenvalue of the coefficient matrix A in the homogeneous 
system (2), and let B, and B, denote the column vectors defined in (22). Then 


X, = [B, cos Bt — B, sin Brle* 
1 1 (23) 
X, = [B, cos Bt + B, sin Brle” 


are linearly independent solutions of (2) on (—o«, oo). 
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The matrices B, and B, in (22) are often denoted by 
B, =Re(K,) and B, = Im(K,) (24) 


since these vectors are, respectively, the real and imaginary parts of the eigenvector K,. For 
example, (21) follows from (23) with 


ee ( : 5) ~ () , (4) 


B, = Re(K,) = (1) and B, = Im(K,) = 6: 


| EXAMPLE6 | Complex Eigenvalues 


Solve the initial-value problem 


a 2 8 = 2 
xX’ = (3 Sx, X(0) = & (25) 


SOLUTION First we obtain the eigenvalues from 


2-2 8 
det(A — AI) = =N+4=0. 
ot ) | —f = 
The eigenvalues are A, = 2i and A, = A, = —2i. For A, the system 
(2 — 2i)k, + 8k, = 0 


ky + (-2 — 20k =0 


gives k, = —(2 + 2i)k,. By choosing ky = —1 we get 


(? + *) ( fl (°) 
K, = = +i ; 
—1 —1 0 

Now from (24) we form 


2 > 
B, = Re(K,) = . and B, = Im(K,) = (6). 


Since a = 0, it follows from (23) that the general solution of the system is 


(Je Ga] oa (3) 


(? cos 2t — 2 sin 3 4 cos 2t + 2 sin *) 
Cy + Cy 


x 


(26) 


H< 
II 


—cos 2t —sin 2t 


§—Z=—| Some graphs of the curves or trajectories defined by the solution (26) of the system are illustrated 
2 
<b in the phase portrait in FIGURE 10.2.4. Now the initial condition X(0) = (_ ) , or equivalently 
x(0) = 2, and y(0) = —1, yields the algebraic system 2c, + 2c) = 2, —c, = —1 whose solution 
] 2 cos 2t — 2 sin 2t 


is c; = 1, c, = 0. Thus the solution to the problem is X = ( ) The specific 


—cos 2t 
FIGURE 10.2.4 A phase portrait of trajectory defined parametrically by the particular solution x = 2 cos 2 — 2 sin 2t, y = —cos 2t 
system (25) in Example 6 is the red curve in Figure 10.2.4. Note that this curve passes through (2, — 1). = 
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10.2.1 Distinct Real Eigenvalues 


In Problems 1-12, find the general solution of the given system. 


dx dx 
1.§$—=x+2 2. —=2x+2 
dt . dt : d 
ce O gag 
dt ° y a * y 
{ Baogtg 4, Soe) 
ae pale "dt yee 
dy dy 
Pe ee, a me) 
1 = = 
sx=( oS)x awe (—8 2x 
8 -12 -3 1 
dx dx 
72 —=xty- 8. —=2x-7 
dt a ae dt . y 
dy dy 
pcan) —=5x+10y+4 
? 'y 2 5x Oy Z 
dz dz 
SS —=5y4+2 
a8 a 0°" 
-1 1 O 101 
9. X’= 1 2 1/Xm0xX’=/010)]xX 
0 3 -!i1 101 
-1 -1 0 -1 5 2 
1. xX'= 3 -2 3/K12 X’'=| 4 -1 -2|x 
: 2 0 0 6 


In Problems 13 and 14, solve the given initial-value problem. 


' S)x, x= (3) 


1 1 
4. X’={|0 2 
1 1 0 
15. Consider the large mixing tanks shown in FIGURE 10.2.5. 
Suppose that both tanks A and B initially contain 100 gallons 
of brine. Liquid is pumped in and out of the tanks as indicated 
in the figure; the mixture pumped between and out of the tanks 
is assumed to be well-stirred. 
(a) Construct a mathematical model in the form of a linear 
system of first-order differential equations for the num- 
ber of pounds x,(f) and x,(f) of salt in tanks A and B, 
respectively, at time ¢. Write the system in matrix form. 
[Hint: See Section 2.9 and Problem 44, Chapter 2 in 
Review. | 
(b) Use the eigenvalue method of this section to solve the 
linear system in part (a) subject to x,(0) = 20, x,(0) = 5S. 
(c) Use a graphing utility or CAS to plot the graphs of x,(A) 
and x,(f) in the same coordinate plane. 
Suppose the system of mixing tanks is to be turned off 
when the number of pounds of salt in tank B equals that 
in tank A. Use a root-finding application of a CAS or 
calculator to approximate that time. 


13. X’ 


ll 
aS 
aan 


(d 


a 


Answers to selected odd-numbered problems begin on page ANS-25. 


mixture 
1 gal/min 


pure water 
2 gal/min 


mixture 
1 gal/min 


mixture 
2 gal/min 


mixture 
1 gal/min 


FIGURE 10.2.5 Mixing tanks in Problem 15 


16. In Problem 26 of Exercises 3.12 you were asked to solve the 
following linear system 


— = -—x, 
dt 50 
dx 1 2 

= Xt Xo 
dt 50 75 
dx 2 1 

= XX) X3 
dt 75 25 


using elimination techniques. Recall, this linear system is a 

mathematical model for the number of pounds of salt x,(4), 

x,(f), and x3(f) in the connected mixing tanks A, B, and C shown 

in Figure 2.9.7 on page 98. 

(a) Use the eigenvalue method of this section to solve the 
system subject to x,(0) = 15, x,(0) = 10, x3(0) = 5. 

(b) What are lim,_,,.x,(4, lim,_,,.x.(4), and lim,_,,,.x3(4)? 
Interpret this result. 


Computer Lab Assignments 


In Problems 17 and 18, use a CAS or linear algebra software as 
an aid in finding the general solution of the given system. 


0.9 2.1 3.2 
17. X’'=10.7 65 42 ]X 
11 17 3.4 
1 0 2 —18 O 
0 5.1 0 =i 3 
18. X' = 1 2 =3 0 O;xX 
0 }. -= 3.1 4 0 
—2.8 0 0 15 1 


19. (a) Use computer software to obtain the phase portrait of the 
system in Problem 5. If possible, include the arrowheads 
as in Figure 10.2.2. Also, include four half-lines in your 
phase portrait. 

(b) Obtain the Cartesian equations of each of the four half- 
lines in part (a). 

(c) Draw the eigenvectors on your phase portrait of the 
system. 

20. Find phase portraits for the systems in Problems 2 and 4. For 

each system, find any half-line trajectories and include these 
lines in your phase portrait. 
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10.2.2 Repeated Eigenvalues 


In Problems 21-30, find the general solution of the given 
system. 


21. 


23. 


25. 


27. 


29. 


32. 


33. 


dx 
—=3x-y 


=| 
w(x 

=3.5 
dx 
Say =z 


ON FP Or MN 


2 4 
va(2 4x 
—-l 6 


0 0 1 
xX’=!10 1 0O 
1 0 O 

Show that the 5 < 
A- 


has an eigenvalue A, of multiplicity 5. Show that three linearly 
independent eigenvectors corresponding to A, can be found. 


22. 


dx 


— = —6x + Sy 


dt 
ay 


dt 


. Xx’ 


—5x + 4y 


2 = 
a 
4 0 


= 3x+ 2y + 4z 


= 2x + 2z 


= 4x + 2y + 3z 


0 0 


oot oo Fr 


—1 
X(0) -( 6 
1 
X, X(O)=] 2 
5 
5 matrix 
1 0 0 0 
2 0 0 0 
0 2 0 0 
0 0 2 1 
0 0 0 2 


Computer Lab Assignment 


34. Find phase portraits for the systems in Problems 22 and 23. 
For each system, find any half-line trajectories and include 


these lines in your phase portrait. 


10.2.3 Complex Eigenvalues 


In Problems 35—46, find the general solution of the given 
system. 


35. 


dx 
dt 
dy 
dt 


=6x—y 


= 5x + 2y 


610 | 


36. 


dx 


37 Bd 38. —=4x4+5 
z a X Ay 7 dt X y 
dy dy 
—-—=-2x+3 = -24+6 
dt aes dt ye 
(5 > (; 2 
39. X’ = x 40. X' = x 
5 —-4 1 -3 
a1 Os 42 a 5 +y+2 
a a a eee ea, 
dy ly 
——_— —=3x+6 
a * x * 
dz dz 
—_— = —= -4 = 
dt y dt ae 
| = 2 401 
43. X’={-1 1 0/X 4. X'=!| 060]x 
-1 01 -4 04 
; a | 2 4 4 
a. X'=|-5 -6 4]X 46. X’=/|-1 —2 O]Xx 
0 02 -1 0 -2 


In Problems 47 and 48, solve the given initial-value problem. 


1 = 12. 14 4 
47. X' =] 1 2 -3 |X, X(O)= 6 
1 1 =2 =7 


48. X’ 


(5 4)™ xo=(%) 
Saye Og 


49. (a) Inthe closed system shown in FIGURE 10.2.6 the three large 
tanks A, B, and C initially contain the number of gallons 
of brine indicated. Construct a mathematical model for 
the number of pounds of salt x,(f), x,(f), and x3(f) in the 
tanks A, B, and C at time ¢, respectively. 

(b) Use the eigenvalue method of this section to solve the sys- 
tem in part (a) subject to x,(0) = 30, x,(0) = 20, x,(0) = 5. 


mixture 
5 gal/min 


mixture 
5 gal/min 


mixture 
5 gal/min 


FIGURE 10.2.6 Mixing tanks in Problem 49 


50. For the system in Problem 49: 
(a) Showthatx,(4) + x,(f) + x,(4) = 55. Interpret this result. 
(b) What are lim,_,..x,(0, lim,_,..x.(, and lim,_,,..x3(1)? 
Interpret this result. 


t—oo 
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Computer Lab Assignments 


51. Find phase portraits for the systems in Problems 38—40. 
52. Solve each of the following linear systems. 


( ea: 1)x 
ee 


(b ot x 
La = 


Find a phase portrait of each system. What is the geometric 
significance of the line y = —x in each portrait? 


Discussion Problems 


53. Consider the 5 X 5 matrix given in Problem 33. Solve the system 
X’ = AX without the aid of matrix methods, but write the general 
solution using the matrix notation. Use the general solution as 
a basis for a discussion on how the system can be solved using 
the matrix methods of this section. Carry out your ideas. 

54. Obtain a Cartesian equation of the curve defined parametri- 
cally by the solution of the linear system in Example 6. 
Identify the curve passing through (2, —1) in Figure 10.2.4. 
[Hint: Compute x*, y*, and xy.] 

55. Examine your phase portraits in Problem 51. Under what condi- 
tions will the phase portrait of a2 X 2 homogeneous linear 
system with complex eigenvalues consist of a family of closed 
curves? Consist of a family of spirals? Under what conditions 
is the origin (0, 0) a repeller? An attractor? 


56. The system of linear second-order differential equations 


describes the motion of two coupled spring/mass systems (see 
Figure 3.12.1). We have already solved a special case of this 
system in Sections 3.12 and 4.6. In this problem we describe 
yet another method for solving the system. 

(a) Show that (27) can be written as the matrix equation 


X”" = AX, where 
k, + k k, 
xX) mM, mM, 
xX = d A= 
o = bk bh 
My My 


(b) Ifasolution is assumed of the form X = Ke’, show that 
X” = AX yields 
A=. 


(A —-ADK=0_ where 


(c) Show that ifm, = 1,m, = 1,k, =3,andk, = 2, asolution 
of the system is 


1\ , 1 =2 —2 ; 
X= ai(} er + aa(} Jer# + al "evs" + a eV 


(d) Show that the solution in part (c) can be written as 


1 1 
xX = (3) cos t + (3) sin ¢ 


" = hax, + iQ — -2 J ~2 
oe om 22 ~ ¥1) (27) + r( cos Vot + »( ) sin V6t. 
MX3 = —ky(x, — x) 
/10.3| Solution by Diagonalization 
INTRODUCTION In this section we are going to consider an alternative method for solving 


Review Section 8.12. > 


a homogeneous system of linear first-order differential equations. This method is applicable to 
such a system X’ = AX whenever the coefficient matrix A is diagonalizable. 


il Coupled Systems A homogeneous linear system X’ = AX, 


UJ 
x 411 412 An ma 
! 
Xy — | 41 422 7 An xX (1) 
: ~~ : : ae 
if eae 
Xn Qn Qn2 Ann Xn 


in which each x; is expressed as a linear combination of x), x5, ..., X,, 1s said to be coupled. If the 
coefficient matrix A is diagonalizable, then the system can be uncoupled in that each x; can be 
expressed solely in terms of x;. 

If the matrix A has n linearly independent eigenvectors then we know from Theorem 8.12.2 
that we can find a matrix P such that P~'AP = D, where D is a diagonal matrix. If we make the 
substitution X = PY in the system X’ = AX, then 


PY’=APY or Y’=P''APY or Y’'=DY. (2) 
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The last equation in (2) is the same as 


YI yO Uwe 0 J 
; 0 A, O :: O 
i ig * : . (3) 
Yn 0 0 Dov An, \Yn 
Since D is diagonal, an inspection of (3) reveals that this new system is uncoupled: Each dif- 
ferential equation in the system is of the form y; = A;,y;,i = 1, 2,..., 1. The solution of each 
of these linear equations is y; = c,e*’, i = 1, 2,...,n. Hence the general solution of (3) can be 


written as the column vector 


Y¥=|~" ik (4) 


Ant 
Cpe 


Since we now know Y and since the matrix P can be constructed from the eigenvectors of A, the 
general solution of the original system X’ = AX is obtained from X = PY. 


| EXAMPLE1 | Uncoupling a Linear System 


—2 -1 8 
Solve X’ = 0 -3 8 | X by diagonalization. 
0 -4 9 


SOLUTION We begin by finding the eigenvalues and corresponding eigenvectors of the 
coefficient matrix. 

From det(A — AD = —(A + 2)(A — 1)(A — 5), we get A, = —2, Ay = 1, and A; = 5. Since 
the eigenvalues are distinct, the eigenvectors are linearly independent. Solving (A — ADK = 0 
for i = 1, 2, and 3 gives, respectively, 


1 2 
K, = 0 > K, = 2 > K, — i, (5) 
0 1 


Thus a matrix that diagonalizes the coefficient matrix is 


1 2 1 
P=|0 2 1 
Oo 1 1 


The entries on the main diagonal of D are the eigenvalues of A corresponding to the order in 
which the eigenvectors appear in P: 


As we have shown previously, the substitution X = PY in X’ = AX gives the uncoupled 
system Y' = DY. The general solution of this last system is immediate: 


CHAPTER 10 Systems of Linear First-Order Differential Equations 


Hence the solution of the given system is 


tl 2 I\/ae" ce 7 + 2cre' + ce 
X=PY=/;]0 2 1]I ce = 2c,e' + c3e% . (6) = 
0 1 1/7 \ee* ce! + c3e7 


Note that (6) can be written in the usual manner by expressing the last matrix as a sum of 
column matrices: 


1 2 1 
X =c,| 0 Je + cl 2 Je’ + c3| 1 Je™ 
0 1 1 


Solution by diagonalization will always work provided we can find n linearly independent 
eigenvectors of the n X n matrix A; the eigenvalues of A could be real and distinct, complex, or 
repeated. The method fails when A has repeated eigenvalues and n linearly independent eigen- 
vectors cannot be found. Of course, in this last situation A is not diagonalizable. 

Since we have to find eigenvalues and eigenvectors of A, this method is essentially equivalent 
to the procedure presented in the last section. 

In the next section we shall see that diagonalization can also be used to solve nonhomogeneous 
linear systems X’ = AX + F(Z). 


| 10.3 | Exercises Answers to selected odd-numbered problems begin on page ANS-26. 


In Problems 1—10, use diagonalization to solve the given system. 


1. X’ =e °)x 
3 


0 2 0 
10. X’={2 0 2]X 
0 2 0 


| 
tw 


; 5 5 11. We have already shown how to solve the system of linear 
2xX'=(, | ]X second-order differential equations that describes the motion 
: . of the coupled spring/mass system in Figure 3.12.1, 
1 4 
3. X' = é a: mx) = —kyx, + k(x. — x) 
ee (7) 
1 1 MxX7 = k(x, — x1) 
4, X' = xX i i : : 
i = in three different ways (see Example 4 in Section 3.12, 


Problem 56 in Exercises 10.2, and Example | in Section 4.6). 


; = 20 In this problem you are led through the steps of how (7) can 
5. X° = 3-1 0]x also be solved using diagonalization. 
x 
—2 —2 6 (a) Express (7) in the form MX” + KX = 0, where X = ( ) 
1 x2 


Identify the 2 < 2 matrices M and K. Explain why the 
matrix M has an inverse. 
Express the system in part (a) as 


X” + BX = 0. (8) 


dd 
a 
| 


(b 


~— 


Identify the matrix B. 
(c) Solve system (7) in the special case where m, = 1,m, = 1, 
k, = 3, and k, = 2 by solving (8) using the diagonalization 
x method. In other words, let X = PY, where P is a matrix 
whose columns are the eigenvectors of B. 


co 
va 
| 

SS Be ee 


1 

1 

1 

! (d) Show that your solution X in part (c) is the same as that 
3.2 2 given in part (d) of Problem 56 in Exercises 10.2. 

2 

4 


so 
a 
| 


=~ 
a 
| | II | 
7 oe ee ee OP 

| | 

aro 
| 
va 
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/10.4| Nonhomogeneous Linear Systems 


INTRODUCTION The methods of undetermined coefficients and variation of parameters 
used in Chapter 3 to find particular solutions of nonhomogeneous linear ODEs can both be adapted 
to the solution of nonhomogeneous linear systems. Of the two methods, variation of parameters 
is the more powerful technique. However, there are instances when the method of undetermined 
coefficients provides a quick means of finding a particular solution. 

In Section 10.1, we saw that the general solution of a nonhomogeneous linear system 
X’ = AX + F(f) on an interval J is X = X, + X, where X, = c,X, + c)X, + ++ + c,X, is 
the complementary function or general solution of the associated homogeneous linear system 
X’ = AX and X, is any particular solution of the nonhomogeneous system. We just saw how 
to obtain X,. in Section 10.2 when A was ann X n matrix of constants; we now consider three 
methods for obtaining X,,. 


10.4.1. Undetermined Coefficients 


| The Assumptions As in Section 3.4, the method of undetermined coefficients con- 
sists of making an educated guess about the form of a particular solution vector X,; the guess 
is motivated by the types of functions that comprise the entries of the column matrix F(t). Not 
surprisingly, the matrix version of undetermined coefficients is only applicable to X’ = AX + F(t) 
when the entries of A are constants and the entries of F(f) are constants, polynomials, exponential 
functions, sines and cosines, or finite sums and products of these functions. 


| EXAMPLE1 | Undetermined Coefficients 


=I, 2 =8 . 
)x + ( *) on the interval (—oo, 00). 


Solve the system X’ = (| 1 


SOLUTION We first solve the associated homogeneous system 


X' = X. 
=1 1 


The characteristic equation of the coefficient matrix A, 


=1 =A 2 


det(A — AD =| 3 rer 


J-#+1=0 


yields the complex eigenvalues A; = i and A, = y= =i. By the procedures of Section 10.2, 


we find 
cost + sint cost — sint 
X, = c¢, + Cy . : 
cos t —sint 


. : 3 : a 
Now since F(£) is a constant vector, we assume a constant particular solution vector X,, = ( ) : 
1 
Substituting this latter assumption into the original system and equating entries leads to 


0 = -a, + 2b, — 8 
0 = -a, + b, + 3. 


Solving this algebraic system gives a, = 14 and b, = 11, and so a particular solution is 


14 
X, = (; ') . The general solution of the original system of differential equations on the 


interval (—oo, oo) is then X = X, + X, or 


= + sin ‘ t— sin ‘ (7) 
X=c + Cy . +f : 
cos ¢ — sin t 11 
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| EXAMPLE2 | Undetermined Coefficients 


6 1 6t 
Solve the system X’ = (5 \) X + (_ 10r + ) on the interval (—oo, 00). 


SOLUTION The eigenvalues and corresponding eigenvectors of the associated homogeneous 
6 1 1 1 
system X’ = é : X are found to be A, = 2, A, = 7, K, = (1) , and K, = (;) . Hence 


the complementary function is 


1 1 
xX, = a(_3)e™ + ao(} Jer 


6 0 
Now because F(f) can be written F(t) = (_ . t+ (5) we shall try to find a particular 


solution of the system that possesses the same form: 


x, = (*)r+ (7). 


Substituting this last assumption into the given system yields 


ae et ae) 


el (6a, + b, + 6)t + 6a, + b; — a ) 
0 (4a, + 3b, — 10)t + 4a, + 3b, —b, + 47° 


From the last identity we obtain four algebraic equations in four unknowns: 


6a, + by + 6=0 6a, + b, — a =0 
an 
4a, + 3b, — 10 = 0 4a, + 3b, —b, + 4 =0. 
Solving the first two equations simultaneously yields ay = —2 and b, = 6. We then substi- 
tute these values into the last two equations and solve for a; and b,. The results are a, = —3, 


b, = +. It follows, therefore, that a particular solution vector is 


+-(() 


The general solution of the system on the interval (—oo, co) is X = X, + X, or 


1 1 -2 4 
X = al ide + ea(} Je” + ( aL + ( ) 
aa 7. 


| EXAMPLE3 | Form of Xp 


Determine the form of a particular solution vector X,, for the system 


dx _ 

i= Sx ob By 26 8 oe 1 

dt 

Ded +e'—5t+7 
dt 4 , 


SOLUTION Because F(f) can be written in matrix terms as 


ro-(Dee( Je) 
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a natural assumption for a particular solution would be 


a3\ _ ay ay 
X, = i+ t+ : 
= (ers (e+ (9) 


REMARKS 


The method of undetermined coefficients for linear systems is not as straightforward as the 
last three examples would seem to indicate. In Section 3.4, the form of a particular solution y, 
was predicated on prior knowledge of the complementary function y,. The same is true for the 
formation of X,,. But there are further difficulties; the special rules governing the form of y, in 
Section 3.4 do not quite carry to the formation of X,. For example, if F(A) is a constant vector as 
in Example | and A = 0 is an eigenvalue of multiplicity one, then X, contains a constant vector. 
Under the “multiplication rule” on page 132, we would ordinarily try a particular solution 


a 
of the form X, = ( a t. This is not the proper assumption for linear systems; it should be 
il 


@ . Similarly, in Example 3, if we replace e ‘ in F(t) by e* (A = 2 is an 
1 
eigenvalue), then the correct form of the particular solution vector is 


(ject + (Pes (eee (2) 


Rather than delve into these difficulties, we turn instead to the method of variation of parameters. 


10.4.2 Variation of Parameters 


| A Fundamental Matrix IfX,, X,,..., X,, is a fundamental set of solutions of the homo- 
geneous system X’ = AX on an interval /, then its general solution on the interval is the linear 
combination X = c,;X, + c,X, + ++: + c,X,,, or 


nen? 


X11 X12 Xin CX, F CoXyqQ Fo + CX Ip 
X21 X22 X, CyXQ1 FH CpXq_7 Fo + CyXy 

X=c|) ° | +o] " J +t--t+e¢] "= . " (1) 
Xn Xn2 Xnn CiXn1 ae CoXn2 a CyXnn 


The last matrix in (1) is recognized as the product of an n X n matrix with ann X | matrix. In 
other words, the general solution (1) can be written as the product 


X = BIC, (2) 


where C is the n X 1 column vector of arbitrary constants c,, C2,..., C,, and (A) is then X n 
matrix whose columns consist of the entries of the solution vectors of the system X’ = AX: 


My X20 Xn 

Xa) Xo2 Xn 
M(t) = : : 

Xnt Xn2 x 


“nn 


The matrix ®(f) is called a fundamental matrix of the system on the interval. 
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In the discussion that follows, we need to use two properties of a fundamental matrix: 


e A fundamental matrix ®(f) is nonsingular. 
¢ If ®(4) is a fundamental matrix of the system X’ = AX, then 


@'(t) = AD(D). (3) 


A reexamination of (9) of Theorem 10.1.3 shows that det ®(r) is the same as the Wronskian 
W(X,, X.,..., X,,). Hence the linear independence of the columns of ®(f) on the interval J guar- 
antees that det @(r) # O for every rf in the interval. Since ®(f) is nonsingular, the multiplicative 
inverse ®'(1) exists for every fin the interval. The result given in (3) follows immediately from 
the fact that every column of ®(f) is a solution vector of X’ = AX. 


Hi Variation of Parameters Analogous to the procedure in Section 3.5, we ask whether 
it is possible to replace the matrix of constants C in (2) by a column matrix of functions 


u(t) 


ue = | © 


so that X, = BHU) (4) 
U,(t) 
is a particular solution of the nonhomogeneous system 
X’ = AX + F(P). (5) 
By the Product Rule, the derivative of the last expression in (4) is 
X/, = B(NU'(D) + ® (NU. (6) 


Note that the order of the products in (6) is very important. Since U(‘) is a column matrix, the 
products U'(t)®(t) and U(®' (A) are not defined. Substituting (4) and (6) into (5) gives 


OAHU (t) + B'(HUD = ABU) + FO. (7) 
Now if we use (3) to replace ®'(f), (7) becomes 

OAHU’ (A) + ABU = ABU + FO 
or POU (1) = F(. (8) 
Multiplying both sides of equation (8) by B® '(#) gives 


U() =® \()F() andso U(t) = [ero dt. 
Since X, = @(t)U(1), we conclude that a particular solution of (5) is 
X, = Pd) [eore dt. (9) 


To calculate the indefinite integral of the column matrix ®~!(t)F(A) in (9), we integrate each 
entry. Thus the general solution of the nonhomogeneous system (5) is X = X, + X, or 


X = O(NC + Dt) | ® | (f)F(A) dt. (10) 


| EXAMPLE4 | Variation of Parameters 


Find the general solution of the nonhomogeneous system 


a ae x +(%) (11) 
2 —-4 e 


on the interval (—oo, 00). 
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SOLUTION We first solve the associated homogeneous system 


ae ie (12) 
% =A 


The characteristic equation of the coefficient matrix is 


a) 1 
dew — AD =| ; 


> _4_4[O+2A+9=0 


so the eigenvalues are A; = —2 and A, = —5. By the usual method we find that the eigenvectors 
corresponding to A, and A, are, respectively, 


(:) ( ) 
and : 
1 =2 
The solution vectors of the homogeneous system (12) are then 
1 _ e —2t 1 = e —5t 
— (;). a ) ee = (_5)e “= (os) 


The entries in X, form the first column of ®(1), and the entries in X, form the second column 
of ®(1). Hence 


—2t —5t 2 ,2t dy 2t 
e e = ze 3e 

P(t) = ( e ) and ®'() = if : 2 
e ze —3e 


t —2e—t 


From (9) we obtain 


X, = oo|@ “(F(X dt = 


Hence from (10), the general solution of (11) on the interval (—oo, 00) is 
(2290) 
et —2e*) \e, tp — + be 
1 1 6 27 L 
= ail} e + (Jes + () = a + (Fen = 
5 50 2 


Hi Initial-Value Problem The general solution of the nonhomogeneous system (5) on an 
interval can be written in an alternative manner 


x 


X = ®(C + (| ® RO) ds, (13) 


0 


where ¢ and fp are points in the interval. The last form is useful in solving (5) subject to an initial 
condition X(f)) = Xp, because the limits of integration are chosen so that the particular solution 
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vanishes at f = fo. Substituting t = f in (13) yields X) = @(t)C, from which we get C = B® '(f))Xp. 
Substituting this last result in (13) gives the following solution of the initial-value problem: 


X = ®(1) ®“"(H) X) + oi ® ~'(s)F(s) ds. (14) 


10.4.3 Diagonalization 


Hi The Assumptions As in Section 10.3, if the coefficient matrix A possesses n linearly in- 
dependent eigenvectors, then we can use diagonalization to uncouple the system X’ = AX + F(A). 
Suppose P is the matrix such that P-'AP = D, where D is a diagonal matrix. Substituting X = PY 
into the nonhomogeneous system X’ = AX + F(f) gives 


PY’=APY+F or Y'’=P'APY+P'F or Y'’=DY+G. (15) 


In the last equation in (15), G = P”'F is acolumn vector. So each differential equation in this new 
system has the form y; = A,y,; + gf), i = 1,2,...,. But notice that, unlike the procedure for solv- 
ing a homogeneous system X’ = AX, we now are required to compute the inverse of the matrix P. 


| EXAMPLES — | Diagonalization 


4 2 3e' ; ae 
Solve X' = 7 4 xX + _} by diagonalization. 
e 


SOLUTION The eigenvalues and corresponding eigenvectors of the coefficient matrix are 


1 2 : 1 2 
,K,= . Thus we find P = and 
=2, 1 =2 1 


Using the substitution X = PY and 
2 t ot 
7 —=)\ (3e 5e 
ee ( C2) - Ce) 

5 ée 5@ 

6 

Y= é oy + @ ) 
0 5 se! 


The solutions of the two linear first-order differential equations 


found to be A 


m= 


the uncoupled system is 


0, A, = 5, Ky ( 


UI |e 
lH nite 


Aire Ups 


yi=se and = yy = Sy, + Se’ 
are, respectively, y, = se’ + c, andy, = —e! + c,e”. Hence, the solution of the original system is 
1 2 tel + ¢ —se' +c, + 2cre* 
x = PY =( )( i wo gi |e (16) 
—2 1) \-apge' + Ee —qze' — 2c, + ce 


Written in the usual manner using column vectors, (16) is 


1 2 5 
X = ai( ) + a(?)e" - @) e. 
ia 4 


| 10.4 Exercises Answers to selected odd-numbered problems begin on page ANS-26. 


10.4.1 Undetermined Coefficients 


In Problems 1-8, use the method of undetermined coefficients to 


solve the given system. 
dx 


1. =2x+ 3y—-—7 
dt sg 4 
dy 
——=--x-2y+5 
dt . y 


dx 


dt 
dy 
dt 


Sx Oy FD 


4 1 = 
5. EI ‘)x + ( se 
9 6 10 
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-1 5 sin t (b) Determine the current i,(f). 
6. X’ = xX + 
=] 1 —2 cost 
1 1 1 1 
7 X’=[0 2 3/X+] -1 Je” (©) = Ss. 
O° 0. 4 2 = = 
0 0 5 B) 
8 X'’=/}0 5 O0}X+{ —-10 seunesias ; 
5 0 0 40 10.4.2 Network in Problem 12 
In Problems 9 and 10, solve the given initial-value problem. 10.4.2 Variation of Parameters 
; -1| -2 3 —4 In Problems 13-32, use variation of parameters to solve the 
9X" = 3 4 X + 3)" X(0) = 5 given system. 
1 -1 t (0) dx dx 
10. X’ = X + X(0) = 13. — = 3x — 3y + 4 14. —- = 2x — 
é :) (, + . © & dt ™ a y 
11. Consider the large mixing tanks shown in FIGURE 10.4.1. ay = By= 1 ay _ 3x — 2y + 4 
Suppose that both tanks A and B initially contain 100 gallons dt dt 
of brine. Liquid is pumped in and out of the tanks as indicated ; 2 a5 1 Ws 
in the figure; the mixture pumped between and out of the tanks 15. X' = | xX + | é 
is assumed to be well-stirred. ’ = ein 24 
(a) Construct a mathematical model in the form of a lin- 16. X’ = 4 s) xX + ) , ) 2 
ear system of first-order differential equations for the ces 
number of pounds x,(f) and x,(f) of salt in tanks A and 7. X' = i xX + i) e! 
B, respectively, at time rf. Write the system in matrix =I 2 =I 


form. [Hint: See Section 2.9 and Problem 44, Chapter 2 
in Review. ] 
(b) Use the method of undetermined coefficients to solve the 
linear system in part (a) subject to x,(0) = 60, x,(0) = 10. 
(c) Whatarelim,_,,x,(f) and lim,_,,,.x,(¢)? Interpret this result. 
(d) Use a graphing utility or CAS to plot the graphs of x,(1) 20. X’ 


oo 
a 
T 


rr 
a 
T 
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* 
ll 
Zo Ne NEON ON NNN Na SN NS 
SS SS t 


| 
- Of © 
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; ae 


and x,(f) in the same coordinate plane. ae ‘ 
3 2 © ) 
».4 = 
—2 -1 e! 
pure water mixture Y |b/gal bax 3 2 1 
2 gal/min 1 gal/min 2 gal/min 22. X' = => =] x (; 
0” =i t 
23. X! = )x+ ) 
0 0 


= 
isl 
T 


eu 

NS 
va 
+ 


3 
a 
T 


‘ =] cost\ , 
2. X’' = X + 
: P ; 1 sin ¢ 
mixture mixture muxture 
1 gal/min 2 gal/min 3 gal/min 2 ?) 


0 
| 
lon 


FIGURE 10.4.1 Mixing tanks in Problem 11 


1 
nxa(?Nxe( 2% ) 
—-1 0 sec ¢ tan ¢ 
12. (a) The system of differential equations for the currents ; 01 1 
i,(t) and i3(t) in the electrical network shown in 28. X' = =1 6 xX + cot t 
FIGURE 10.4.2 is 12 or 
29. X' = 1 4 X + ‘ : 
: : 5 sec 
“(*) = Gon —R,/L, )(2) rs ee i <3 ane 
dt 13 —R,/L> —(R, + R)/L> 1; E/L, : 30. xX’ = & ae + 1 ) 
Use the method of undetermined coefficients to solve the 110 a 
system if R, = 2.0, Ry = 3 0,1; =1h, = 1h, 31. X' =] 1 1 O;X+ 
E = 60V, i,(0) = 0, and 7,(0) = 0. 0 0 3 te*" 
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3 1 1 0 2 =-2 2 1 te! 
32. X’ =] 1 1 -1)]X+ {ft x =] 3. «0 3 Xx ent 
i ate od 2e" “{ 0 0 4 -2]** |e 
Foe i Beaties 0 0 2 -Il 1 
In Problems 33 and 34, use (14) to solve the given initial-value 
Pon (a) Use a CAS or linear algebra software to find the eigen- 
3: t=] 4e*" 1 i ici i 
3X’ = X + a _ X(0) = values and eigenvectors of the coefficient matrix. 
—|1 3 4e* il (b) Forma fundamental matrix ®(f) and use the computer to 
fh -=1 1/t 2 find ®'(1). 
34. X' = 1 -1 X + 1/1)” X(1) = 4 (c) Use the computer to carry out the computations of 
35. The system of differential equations for the currents 7,(f) and ®'(1)F(0), | @~'(1)F(t) dt, a | ®~'()F(t) dt, B()C, 
i,(f) in the electrical network shown in FIGURE 10.4.3 is 
d ) ._ + R,)/L, R,/L, ) (; ) ea and ®(1)C + | ® !(1)F(t) dt, where C is acolumn matrix 
eps | + 
dt \iz R,/L, —R,/L1/ \iz 0 of constants C,, Co, C3, and C4. 


Use variation of parameters to solve the system if R, = 8 Q, 


(d 


~~ 


Rewrite the computer output for the general solution 


R, =3,L, = 1h, L, = 1h, E(t) = 100 sin V, i,(0) = 0, of the system in the form X = X, + X,, where 
and i,(0) = 0. 


FIGURE 10.4.3 Network in Problem 35 


Computer Lab Assignment 


X, = cy Xy + CyXy + C3X3 “+ c4X4. 


10.4.3 Diagonalization 


In Problems 37—40, use diagonalization to solve the given 
system. 


37. X' = ( a rs (5) 
1 =e 4 


38. X! = 


by variation of parameters when A is a3 X 3 (or larger) 


matrix is almost an impossible task to do by hand. Consider 


the system 


; + 5 2t 
36. Solving a nonhomogeneous linear system X' = AX + F(t) 39. X" = ( )x + ( ) 


40. X' = 


/10.5| Matrix Exponential 


INTRODUCTION Matrices can be used in an entirely different manner to solve a system 
of linear first-order differential equations. Recall that the simple linear first-order differential 
equation x’ = ax, where a is a constant, has the general solution x = ce“. It seems natural, then, 
to ask whether we can define a matrix exponential e“' where A is a matrix of constants, so that 
e“' is a solution of the system X’ = AX. 


Hi Homogeneous Systems We shall now see that it is possible to define a matrix expo- 
nential e“’ so that the homogeneous system X’ = AX, where A is ann X n matrix of constants, 
has a solution 


X = e*C. (1) 


Since C is to be ann X 1 column matrix of arbitrary constants, we want e“'to be ann X n matrix. 
While the complete development of the meaning and theory of the matrix exponential would 
require a thorough knowledge of matrix algebra, one way of defining e“ is inspired by the power 


at, 


series representation of the scalar exponential function e“: 
2 tr” 
nm 


3 co 
e“=1lt+att+a—+-+a' += Sat—. (2) 
2! m! k=0 k) 
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The series in (2) converges for all t. Using this series, with 1 replaced by the identity I and the constant 
a replaced with ann X n matrix A of constants, we arrive at a definition for the n X n matrix e™’. 


Definition 10.5.1 Matrix Exponential 


For any n X n matrix A, 


2} m es) t* 


t t 
A ke oA (3) 
Mu mM: = 


It can be shown that the series given in (3) converges to ann X n matrix for every value of t. 
Also, in (3), A° = I, A? = AA, A? = A(A”), and so on. 


| EXAMPLE1 | Matrix Exponential Using (3) 


Compute e* for the matrix 
2 
a) 
0 3 


SOLUTION From the various powers 


2 G 2 0 2 0 2" 0 
X= ( a ( ) ee ( ane A’ = ( a 
0 3 0 3 0 3 0 3 


we see from (3) that 


2 
e“=1+ Art ao abies 


& ) € °) (5 ae @ ae 
+ ot i eee —+ 
0 1 0 3 0 37/2! 0 3"/n! 


2 
2 iets 
0 eg a 


In view of (2) and the identifications a = 2 and a = 3, the power series in the first and second 
rows of the last matrix represent, respectively, e” and e* and so we have 


a 
ll 
So oN 
oO 
X 
x © 
we 
Sa 
III 


The matrix in Example | is an example of a 2 X 2 diagonal matrix. In general, ann X n 
matrix A is a diagonal matrix if all its entries off the main diagonal are zero; that is, 


ay, 0 vee 0 
he 
0 Ol) pee le 


Hence if A is any n X n diagonal matrix it follows from Example | that 


ee 0 1. 0 
e co 0 
0 0 edn! 
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il Derivative of e“’ The derivative of the matrix exponential eis analogous to that of the 
scalar exponential; that is, d/dt e” = ae“. To justify 


—eAt = Ae (4) 


we differentiate (3) term-by-term: 


d t? t™ ria 
c + Ai A ese A | =A+Ar+A—+4+-- 
dt 2! m! 2! 


% 
II 


t2 
alt + At t+ a + | = Ae™ 


Because of (4), we can now prove that (1) is a solution of X’ = AX for every n X 1 vector C 
of constants: 


d 
> 7 e“C = Ae“'C = A(e“'C) = AX. (5) 


| e“* Is a Fundamental Matrix If we denote the matrix exponential e“ by the symbol 
Wa), then (4) is equivalent to the matrix differential equation W'(f) = AW (see (3) of Section 10.4). In 
addition, it follows immediately from Definition 10.5.1 that W(0) = e4° = Iand so det W(0) # 0. 
It turns out that these two properties are sufficient for us to conclude that W(f) is a fundamental 
matrix of the system X’ = AX. 


Hi Nonhomogeneous Systems We have seen in (4) of Section 2.3 that the general solu- 
tion of the single linear first-order differential equation x’ = ax + f(t), where ais a constant, can 
be expressed as 


t 
= 5% a eet “| e ® f(s) ds. 
1 


For a nonhomogeneous system of linear first-order differential equations, it can be shown that 
the general solution of X’ = AX + F(f), where A is ann X n matrix of constants, is 


£ 
X=X,+X,=e"C + e™ | e “’ F(s) ds. (6) 
t 


0 


Since the matrix exponential e“’ is a fundamental matrix, it is always nonsingular and e~“’ = (e“’)"!.. 
Note that e~“’ can be obtained from e“’ by replacing t by —s. 


Hi Computation of eft The definition of e*” given in (3) can, of course, always be used 
to compute e4’. However, the practical utility of (3) is limited by the fact that the entries in e“’ 
are power Series in t. With one’s natural desire to work with simple and familiar things, we 
then try to recognize whether these series define a closed form function. See Problems 1-4 in 
Exercises 10.5. Fortunately there are many alternative ways of computing e“’. We sketch two of 
these methods in the discussion that follows. 


Hl Using the Laplace Transform We saw in (5) that X = e*’ is a solution of X’ = AX. 
Indeed, since e4° = I, X = e*’ is a solution of the initial-value problem 


X'=AX, X(O)=1 (7) 
If x(s) = L{X(t)} = L{e*}, then the Laplace transform of (7) is 


sx(s) — X(0) = Ax(s) or = (sl — A)x(s) = L. 


Multiplying the last equation by (sI — A)! implies x(s) = (sI — A) 'I = (sI — A)"!. In other 
words, £{e4.} = (sl — A)! or 


et = £"'{(sI — A)"!}. (8) 
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| EXAMPLE2 | Matrix Exponential 


1 -1 
Use the Laplace transform to compute e“’ for A = (; : 


SOLUTION First we compute the matrix sI — A and then find its inverse: 


=i] 1 
a-a=(* ) 
—2 s+ 2 


s+ 2 —1 
_ c= 1 1 a sis +1) s(s + 1) 
I-A)! = = 
(s ) - a) 2 cs 


sis +1) s(s + 1) 


Then we decompose the entries of the last matrix into partial fractions: 


2 1 1,4 
Ss stl Ss stl 
fA = 9 
is ) 2 2 1 2 (9) 
+ 
S s+] S £1 


Taking the inverse Laplace transform of (9) gives the desired result, 


ve ( -—e! -lt+e™ ) _ 
e = =z Les = 
2-—2e' -1+2e% 


I| Using Powers A” In Section 8.9, we developed a method for computing an arbitrary 
power A‘, k a nonnegative integer, of ann X n matrix A. Recall from Section 8.9 that we 
can write 


n-1 n-1 
= Dc Al and Me Sor, (10) 
j=0 j=0- 


where the coefficients c; are the same in each and the last expression is valid for the eigen- 
values Ay, Ao,..., A, of i We assume here that the eigenvalues of A are distinct. By setting 
A= Aq, Ao,.. a in the second expression in (10), we were able to find the c; in the first expres- 
sion by solvitie n equations in n unknowns. It will be convenient in the development that follows 
to emphasize the fact that the coefficients c; in (10) depend on the power k by replacing c; by 
c;(k). From (3) and (2), we have 


es) tk oo tk 
A= SIAY— and e* = SAF. (11) 
= &! =o & 


We next use (10) in (11) to replace Af and A‘ as finite sums followed by an interchange of the 
order of summations 


n- re) k n= 
eM = Sa 5 ( Sows’) = sa(S mC) = Fano (12) 
k} j=0 \k=0 KI j=0 | 


k=0 


% 
II 


co n-1 n-1 co 4k n—-1 
“a ps (30) - sa(s 6b) = SN} (0, (13) 
io K} j=0 i= Kt j=0 | 
where b(t) = Di-olt*/k!)c;(K). Analogous to how we used the eigenvalues of A in (10) to 
determine the c;, we again use the eigenvalues, but this time in the finite sum (13) to deter- 
mine a system of equations to determine the b;; these coefficients, in turn, are used in (12) to 
determine e*". 
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| EXAMPLE3 | Matrix Exponential 


—2 4 
Compute e for A = (~? , 


SOLUTION We have already seen the matrix A in Section 8.9, and there we found its eigen- 


values to be A; = —1 and A, = 2. Now since A is a2 X 2 matrix, we have from (12) and (13) 
e“=bhI+b,A and e“M=b)+D,A. (14) 
Setting A = —1 and A = 2 in the second equation of (14) gives two equations in the two 


unknowns by and b,. Solving the system 
e'=bh—b, 
e** = by + 2b, 
yields by = 3[e7' + 2e~'], b; = 3[e7’ — e~']. Substituting these values in the first equation of 
(14) and simplifying the entries yields 
ee eae a (15) = 


—3e7" + ze | 3° — 3€ 
In Problems 23-26 in Exercises 10.5, we show how to compute the matrix exponential e“ 
when the matrix A is diagonalizable (see Section 8.12). 


[| Use of Computers For those willing to momentarily trade understanding for speed of 
solution, e“’ can be computed with the aid of computer software; for example, in Mathematica, 
the function MatrixExp[A t] computes the matrix exponential for a square matrix A; in Maple, 
the command is exponential(A, t); in MATLAB the function is expm(At ). See Problems 27 
and 28 in Exercises 10.5. 


| 10.5 | ™,(:1§@.{35} Answers to selected odd-numbered problems begin on page ANS-27. 


In Problems 1 and 2, use (3) to compute e“’ and e~ 4’. 


1 0 0 1 1 
1. A = (; ) 2. A = é ») Xx(0) = —4 
6 


14. Solve the system in Problem 9 subject to the initial condition 


13. Solve the system in Problem 7 subject to the initial condition 


In Problems 3 and 4, use (3) to compute et 


1 1 1 0 0 0 4 
3, A= 1 1 1 4 A=|]3 0 0 x)= (2). 
2, =2,-2 5 1 0 
In Problems 15-18, use the method of Example 2 to compute e“’ 
In Problems 5-8, use (1) and the results in Problems 1-4 to find for the coefficient matrix. Use (1) to find the general solution of 
the general solution of the given system. the given system. 
1 0 0 1 
ae ic x ea G 0) 15. X’ = (4 ak 16. X' = é s 
1 1 1 0 0 0 5 -9 0 1 
ZX =| 1 1 1ixax=/3 0 0|x 17. ee ?)x 18. v= By 
=) = 2; = 2 5 1 0 


In Problems 19-22, use the method of Example 3 to compute e“‘ 
for the coefficient matrix. Use (1) to find the general solution of 
the given system. 


1 0 3 1 0 t 
a i= 2 -2 i, 
ae -( 5)x+(_t)+0 -= & )x+ ({.) 19. X’ -( )x 20. X’ -( )x 
=2> 3 -1 4 
ee ee: : 1 -3 
1. X'= (; x4 (;) p XPS & \)x+ begs 1. X'= (3 | )x 22. X' = (; sx 
IQ 1 1 0 sinh t ; -4 
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In Problems 9-12, use (6) to find the general solution of the 
given system. 


23. If the matrix A can be diagonalized, then P'AP = Dor 
A = PDP "!. Use this last result and (3) to show that 


eS = Pep! 
A, O 0 
Ay 
24. Use D = and (3) to show that 
0 O 7 
et 0 
opr = 0 er 0 
0 0 ew 


In Problems 25 and 26, use the results of Problems 23 and 24 to 


solve the given system. 
2 1 2 1 
25. X' = x 26. X' = x 
—3 6 1 2 


Computer Lab Assignments 


4 2 
27. (a) Use (1) to find the general solution of X’ = é : X. 


Use a CAS to find e“’. Then use the computer to find 
eigenvalues and eigenvectors of the coefficient matrix 


4 2 
A= é - and form the general solution in the man- 


ner of Section 10.2. Finally, reconcile the two forms of 
the general solution of the system. 


(b) Use (1) to find the general solution of X’ = ( ; 2 X. 
Use a CAS to find e’. In the case of complex output, uti- 
lize the software to do the simplification; for example, in 
Mathematica, if m= MatrixExp[A t] has complex entries, 
then try the command Simplify[ComplexExpand[m]]. 

28. Use (1) to find the general solution of 


—4 0 6 0 
0 -5 0 —-4 
xX’ = X. 
-1 0 1 0 
0 3. 0 2 


Use a CAS to find e*”. 


Discussion Problems 


29. Reread the discussion leading to the result given in (8). Does 
the matrix sI—A always have an inverse? Discuss. 

30. In Exercises 8.9 we saw that a nonzero n X n matrix A is 
nilpotent if 7 is the smallest positive integer such that A” = 0. 


=1 1 1 
Verify that A= {| —1 0 1 | isnilpotent. Discuss why it 
-1 1 1 


is relatively easy to compute e“’ when A is nilpotent. Compute 
e' for the given matrix and then use (2) to solve the system 
X’ = AX. 


| 10 | | Chapter in Review | pter in Review Answers to selected odd-numbered problems begin on page ANS-27. 


In Problems 1 and 2, fill in the blanks. 


4 
1. The column vector X = (2) is a solution of the linear 


1 4 8 
system X’ = x - fork = 
2, = 1 


=] 5 
Jeo + a>) e” is a solution of the 


2. The vector X = ai 1 


are 1 10 2, 
initial-value problem X’ = — X, X(0O) = 0 for 


3 
c= and c, = 
4 6 6 
3. Consider the linear system X’ = 1 3 2 |X. 
=1 4 3 


Without attempting to solve the system, which one of the fol- 
lowing vectors, 


0 1 3 6 
K, = 1 A K, = 1 ‘i K, = 1 3 K, = 2 . 
1 =i =] =5 


is an eigenvector of the coefficient matrix? What is the solution 
of the system corresponding to this eigenvector? 

4. Consider the linear system X’ = AX of two differential 
equations where A is a real coefficient matrix. What is the 
general solution of the system if it is known that A, = 1 + 2i 


, : Ly). ae 
is an eigenvalue and K, = ( _ } is acorresponding eigenvector? 
i 


In Problems 5—14, solve the given linear system by the methods 
of this chapter. 


dx dx 

5. —=2x+y 6. — = —4x + 2y 
dt dt 
dy dy 
SS — =2x—Ay 
dt dt 
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11. 


12. 


13. 


14. 
15. 


1 -1 1 0 2 1 and A = 2 is known to be an eigenvalue of multiplicity 
x'-|10 13/1X wx’'=-/1 1 -2/x two. Find two different solutions of the system corre- 
4 ae 72-1] sponding to this eigenvalue without using any special 
formula (such as (12) of Section 10.2). 
X'= ¢ ) X+ ( 2 ) (b) Use the procedure in part (a) to solve 
0 4 16¢ 
1 1 1 
: 1 2 0 ' 
> Sia ae Ay ad a xX’=]1 1 =#1YX. 
: : i i 4 
-1 1 1 
xX’ = o 4 xX + ; 
3 4 2 ( 16. Verify that X = ( ) e' is a solution of the linear system 
X'’= ( )x + ( Je Co 
=1 1 1 1 0 
(a) Consider the linear system X’ = AX of three first-order xX’ = ( 0 2 x 
differential equations where the coefficient matrix is 
5 3 for arbitrary constants c, and c,. By hand, draw a phase portrait 
of the system. 
A= 3 3 5 
=) “=9). = 3 
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CHAPTER 


In Chapter 10 we used matrix 
techniques to solve systems 

of linear first-order differential 
equations of the form X’ = 

AX + F(t). When a system of 
differential equations is not 
linear, it is usually not possible 
to find solutions that can be 
expressed in terms of elementary 
functions. In this chapter we 
will see that valuable 
information about the geometric 
nature of solutions can be 
obtained by first analyzing 
special constant solutions called 
critical points and then 
searching for periodic solutions 
called limit cycles. The 
important concept of stability 
will be introduced and illustrated 
with examples from physics and 
biology. 


Systems of Nonlinear 


Differential Equations 


CHAPTER CONTENTS 


11.1 Autonomous Systems 

11.2 Stability of Linear Systems 

11.3 Linearization and Local Stability 

11.4 Autonomous Systems as Mathematical Models 

11.5 Periodic Solutions, Limit Cycles, and Global Stability 
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See page 150. > 


na] Autonomous Systems 


INTRODUCTION = We introduced the notions of autonomous first-order DEs, critical points of 
an autonomous DE, and the stability of a critical point in Section 2.1. This earlier consideration of 
stability was purposely kept at a fairly intuitive level; it is now time to give the precise definition 
of this concept. To do this we need to examine autonomous systems of first-order DEs. In this 
section we define critical points of autonomous systems of two first-order DEs; the autonomous 
systems can be linear or nonlinear. 


Hi Autonomous Systems A system of first-order differential equations is called autono- 
mous when the system can be written in the form 


Pees ) 
dt Bi\X 1, X02, +--+ Xy 
dx 
ae = a(x], Xa, +++ Xn) 
(1) 

cee ) 

= Oy Kae eting Mp) 
dt 8n\X1 2 


Notice that the independent variable ¢ does not appear explicitly on the right-hand side of each 
differential equation. Compare (1) with the general system given in (2) of Section 10.1. 


| EXAMPLE1 | A Nonautonomous System 


The system of nonlinear first-order differential equations 


t dependence 


L 


dx, ; 

—=x,—- 3x, +t 

dt 

2 = tx, (sin x91) 
= tx, (sin xt 

dt : - 


t dependence 


is not autonomous because of the presence of ¢ on the right-hand side of both DEs. = 


When n = | in (1) a single first-order differential equation takes on the form dx/dt = g(x). 
This last equation is equivalent to (1) of Section 2.1 with the symbols x and f playing the parts 
of y and x, respectively. Explicit solutions can be constructed since the differential equation 
dx/dt = g(x) is separable, and we will make use of this fact to give illustrations of the concepts 
in this chapter. 


Hi Second-Order DE as a System Any autonomous second-order differential equation 
x" = g(x, x’) can be written as an autonomous system. As we did in Section 3.7, if we let y = x’, then 
x" = g(x, x’) becomes y’ = g(x, y). Thus the second-order differential equation becomes the system 
of two first-order equations 


x =y 


y' = g(x, y). 
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| EXAMPLE2 | The Pendulum DE as an Autonomous System 


In (6) of Section 3.11 we showed that the displacement angle 6 for a pendulum satisfies the 
nonlinear second-order differential equation 


If we let x = 6 and y = 6’, this second-order differential equation can be rewritten as the 
autonomous system 


< 

| 

| 

| 
a. 
5 
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I| Matrix Forms of (1) If X(# and g(X) denote the respective column vectors 


x(t) 1X, Xp, --+) Xp) 
ig ’ eSrs T. 

X() = alt) , g(X) = 82(X} _ Xn) 
x, (2) 8(X1; XQ,-++5 Xy) 


then the autonomous system (1) may be written in the compact column vector form X’ = g(X). 
The homogeneous linear system X’ = AX studied in Section 10.2 is an important special case. 
In this chapter it is also convenient to write (1) using row vectors. If we let 


X(t) = (1(D), X2(0), --- Xn) 


and BCX) = (81 Xy, Xq, ++ Xp )p Bo Hy, X75 002s Apdo eves Qp(Xy, X05 +++ Xy))> 


then the autonomous system (1) can also be written in the compact row vector form 
X’' = g(X). It should be clear from the context whether we are using column or row vec- 
tor form, and therefore we will not distinguish between X and X’, the transpose of X. In 
particular, when n = 2 it is convenient to use row vector form and write an initial condition 
as X(0) = (Xo, Yo)- 

When the variable ¢ is interpreted as time, we can refer to the system of differential equations 
in (1) as a dynamical system and a solution X(f) as the state of the system or the response of 
the system at time ¢. With this terminology, a dynamical system is autonomous when the rate 
X'(t) at which the system changes depends only on the system’s present state X(7). The linear 
system X' = AX + F(f) studied in Chapter 10 is then autonomous when F(f) is constant. In the 
case n = 2 or 3 we call a solution a path or trajectory since we may think of x = x,(4), y = x,(0), 
Z = x3(f) as parametric equations of a curve. 


]| Vector Field Interpretation When n = 2 the system in (1) is called a plane autono- 
mous system, and we write the system as 


dx 

—_ = P 

a (x, y) 
dy 

dt ima Om, y). 


The vector V(x, y) = (P(x, y), Q(x, y)) defines a vector field in a region of the plane, and 
a solution to the system may be interpreted as the resulting path of a particle as it moves 
through the region. To be more specific, let V(x, y) = (P(x, y), Q(x, y)) denote the velocity 
of a stream at position (x, y), and suppose that a small particle (such as a cork) is released 
at a position (Xp, Yo) in the stream. If X(7) = (x(4), y() denotes the position of the particle at 
time ¢, then X'(f) = (x’(1), y'(0) is the velocity vector v. When external forces are not present 
and frictional forces are neglected, the velocity of the particle at time fis the velocity of the 
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stream at position X(t); that is, X'(1) = V(x(0), y(t), or 


d 
a = P(x(t), yd) 


dy - 
a Q(x(0), yO). 


Thus the path of the particle is a solution to the system that satisfies the initial condition 


X(0) = (Xo, Yo). We will frequently call on this simple interpretation of a plane autonomous 
system to illustrate new concepts. 


| EXAMPLE3 | Plane Autonomous System of a Vector Field 


A vector field for the steady-state flow of a fluid around a cylinder of radius | is given by 


vr - y’ —2xy ) 
Cay? ayy 


VQ, y) = v1 


where Vj is the speed of the fluid far from the cylinder. If a small cork is released at (—3, 1), 
the path X(t) = (x(4), y()) of the cork satisfies the plane autonomous system 


dx DB =e, 
f= v(1- 5] 
dt (x° + y°) 


dy — 2xy 


V, 
dt . (x? + yy 


FIGURE 11.1.1 Vector field of a fluid flow 
around a cylinder in Example 3 subject to the initial condition X(O) = (—3, 1). See FIGURE 11.1.1. = 


Hi Types of Solutions If P(x, y), Q(x, y), and the first-order partial derivatives dP/dx, 
dP/ay, dQ/dx, and dQ/dy are continuous in a region R of the plane, then a solution to the plane 


X(0) autonomous system 
dx 
—_ = P : 
a (x, y) 
(a) dy 
o> Q(, y) 


that satisfies X(0) = Xp is unique and one of three basic types: 


(i) Aconstant solution x(t) = Xp, y(t) = yo (or X(t) = Xp for all 4). A constant solution is called 


" 2 a critical or stationary point. When the particle is placed at a critical point Xp (that is, 
x(0) X(0) = Xo), it remains there indefinitely. For this reason a constant solution is also called 
(b) an equilibrium solution. Note that since X'(f) = 0, a critical point is a solution of the 


system of algebraic equations 
FIGURE 11.1.2 Curve in (a) is called an arc 
P(x, y) =0 
Q(x, y) = 0. 


(ii) A solution x = x(4), y = y(t) defines an arc—a plane curve that does not cross itself. Thus 
the curve in FIGURE 11.1.2(a) can be a solution to a plane autonomous system, whereas the 
curve in Figure 11.1.2(b) cannot be a solution. There would be two solutions that start from 
the point P of intersection. 

(iii) A periodic solution x = x(t), y = y(t). A periodic solution is called a cycle. If p is the 
period of the solution, then X(¢ + p) = X(f) and a particle placed on the curve at Xo will 

FIGURE 11.1.3 Periodic solution or a cycle cycle around the curve and return to X, in p units of time. See FIGURE 11.1.3. 


| EXAMPLE4 | Finding Critical Points 
Find all critical points of each of the following plane autonomous systems. 
(a) x’ =—-x+y (b) x =r +y-6 (c) x’ = 0.01x(100 — x — y) 
y =x-y y=Hxr-y y’ = 0.05y(60 — y — 0.2x) 


X(0) 
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(a) 


(2, 0) 


(b) 


FIGURE 11.1.4 Solution curves in 
Example 5 


SOLUTION We find the critical points by setting the right-hand side of the differential equa- 
tions equal to zero. 
(a) The solution to the system 


—xty=0 
x—-y=0 


consists of all points on the line y = x. Thus there are infinitely many critical points. 
(b) To solve the system 


r+y—-6=0 
x—y=0 

we substitute the second equation, x* = y, into the first equation to obtain y* + y — 6 = 
(y + 3)(y — 2) = 0. If y = —3, then x° = —3, and so there are no real solutions. Ify = 2, 
then x = +V2, and so the critical points are (V2, 2) and (—V2, 2). 
(c) Finding the critical points requires a careful consideration of cases. The equation 
0.01x(100 — x — y) = O implies x = 0 orx + y = 100. 

If x = 0, then substituting in 0.05y(60 — y — 0.2x) = 0 we have y(60 — y) = 0. Thus 
y = 0 or 60, and so (0, 0) and (0, 60) are critical points. 

Ifx + y = 100, then 0 = y(60 — y — 0.2(100 — y)) = y(40 — 0.8y). It follows that y = 0 
or 50, and so (100, 0) and (50, 50) are critical points. = 


When the plane autonomous system is linear, we can use the methods in Chapter 10 to 
investigate solutions. 


| EXAMPLES | Discovering Periodic Solutions 


Determine whether the given linear dynamical system possesses a periodic solution. 
(a) x’ = 2x + 8y (b) x’ =x + 2y 

y’ = 2 — 2y y=-px+y 
In each case sketch the graph of the solution that satisfies X(0) = (2, 0). 


SOLUTION (a) In Example 6 of Section 10.2 we used the eigenvalue—eigenvector method 
to show that 


x = c,(2 cos 2t — 2 sin 2t) + c,(2 cos 2t + 2 sin 21) 


y = c,(—cos 2t) — Cp sin 2t. 


Thus every solution is periodic with period p = 7. The solution satisfying X(O) = (2, 0) is 
x = 2 cos 2f + 2 sin 2f, y = —sin 27. This solution generates the ellipse shown in FIGURE 
11.1.4(a). 

(b) Using the eigenvalue—eigenvector method, we can show that 


x = c,(2e' cos t) + c,(2e' sint), y= c,(—e' sin f) + c,(e' cos fr). 


Because of the presence of e’ in the general solution, there are no periodic solutions (that is, 
cycles). The solution satisfying X(0) = (2, 0) is x = 2e’ cos t, y = —e' sin t, and the resulting 


curve is shown in Figure 11.1.4(b). = 


Hi Changing to Polar Coordinates Except for the case of constant solutions, it is usually 
not possible to find explicit expressions for the solutions of a nonlinear autonomous system. We 
can solve some nonlinear systems, however, by changing to polar coordinates. From the formulas 
r? =x? + y* and 6 = tan '(y/x) we obtain 


dr 1f dx dy do 1 dx dy 
=| ¢—>+ y—— |, (=) Fe). (2) 
dt r\ dt dt dt or dt dt 
We can sometimes use (2) to convert a plane autonomous system in rectangular coordinates to 
a simpler system in polar coordinates. 
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| EXAMPLE6 | Changing to Polar Coordinates 


Find the solution of the nonlinear plane autonomous system 


xi = -y-—xVx7 4+ y’ 
yi =x-yVx+y? 


satisfying the initial condition X(O) = (3, 3). 
SOLUTION Substituting for dx/dt and dy/dt in the expressions for dr/dt and d@/dt in (2), we 


obtain 
dr 1 
a pe = FE = yO) =P 
do 1 
a mal -y(-y — xr) + x(x — y+] = 1. 


Since (3, 3) is (3 V2, 77/4) in polar coordinates, the initial condition X(0) = (3, 3) becomes 
r(0) = V2 and 0(0) = 7/4. Using separation of variables, we see that the solution of the 
system is 

1 


r= » O=tt+c, 
~ t+c 


for r # 0. (Check this!) Applying the initial conditions then gives 


| ; g@=t+ ul 

ake r= : = . 
t+ V2/6 4 

FIGURE 11.1.5 Solution curve in 1 

Example 6 The spiral r = is sketched in FIGURE 11.1.5. 


6+ V2/6 — 7/4 


| EXAMPLE7 | Solutions in Polar Coordinates 


When expressed in polar coordinates, a plane autonomous system takes the form 


dr 


ty) 


do 
dt 


4+ Find and sketch the solutions satisfying X(0) = (0, 1) and X(0) = (3, 0) in rectangular 
coordinates. 


SOLUTION Applying separation of variables to dr/dt = 0.5(3 — r) and integrating d@/dt 
( leads to the solution 


}— x r=34+c¢e°% @=t+c. 


If X(O) = (0, 1), then r(0) = 1 and 6(0) = 77/2, and soc, = —2 and c, = 77/2. The solution 
curve is the spiral r = 3 — 2e °°°~"), Note that as f > oo, @ increases without bound and 
r approaches 3. 

4+ If X(0O) = (3, 0), then 7(0) = 3 and @(0) = 0. It follows that c; = c, = 0, and so r = 3 

and 6 = t. Hence x = rcos 0 = 3 cost and y = rsin 0 = 3 sin ¢, and so the solution is 

FIGURE 11.1.6 Solution curves in periodic. The solution generates a circle of radius 3 about (0, 0). Both solutions are shown 
Example 7 in FIGURE 11.1.6. = 


634 | CHAPTER 11 Systems of Nonlinear Differential Equations 


11.1 | Exercises Answers to selected odd-numbered problems begin on page ANS-28. 


In Problems 1-6, write the given nonlinear second-order 
differential equation as a plane autonomous system. Find all 
critical points of the resulting system. 


1. x" + 9sinx =0 2. x" +(x’ + 2x =0 


Bx" +x —-x)-—xr =0 4 x44 as er ae =O 
1l+x 


5. x” +x=exrfore>0 


6. x” +x -— exlxl = 0 fore >0 


In Problems 7—16, find all critical points of the given plane 
autonomous system. 


7.x’ =x+xy 8 x) =y-x 
y= —-y~ ay yor? 
9, x' = 3x? —4y 10. x’ =x? -y 
y=x-y y=x-y 


Wx’ =x(l0-x—-jZy) 12, x’ = —2x + y + 10 


y= (16 — y — x) yl =2x-y Is 
13.2) = 7 2 14. x’ = siny 

y=ywe- 1) ye—] 
15. x’ = x(1 — x? — 3y’) 16. x’ = —x(4— y’) 

y =7G-2 = 3y) y =4yl'= #7) 


In Problems 17-22, for the given linear dynamical system 
(taken from Exercises 10.2) 


wa 


(a) find the general solution and determine whether there are 


periodic solutions, 
(b 


~— 


find the solution satisfying the given initial condition, 
and, 


(c) with the aid of a graphing utility, plot the solution in 
part (b) and indicate the direction in which the curve is 
traversed. 


17. x' =x + 2y 

y’ = 4x + 3y, X(O) = 
18. x’ = —6x + 2y 

'= —3x + y, X(0) = 

19. x’ = 4x — 5y 

y’ = 5x — 4y, X(0) = 
20. x) =xt+y 

y 

x 


(2, —2) (Problem 1, Exercises 10.2) 


(3, 4) (Problem 6, Exercises 10.2) 


< 
lI 


(4, 5) (Problem 39, Exercises 10.2) 


"= —2x — y, X(0) = (—2, 2) (Problem 36, Exercises 10.2) 


21. x’ =S5xt+y 

y’ = —2x + 3y, X(0) = (—1, 2) (Problem 37, Exercises 10.2) 
22. x' =x — 8y 

y’ = x — 3y, X(0) = (2, 1) (Problem 40, Exercises 10.2) 


In Problems 23-26, solve the given nonlinear plane 
autonomous system by changing to polar coordinates. Describe 
the geometric behavior of the solution that satisfies the given 
initial condition(s). 


23. x’ = -y— x0 + y’? 
y =x — yo? + y??, XO) = 4,0) 
24. x’ =y t+ x(x? + y’) 
y' = —x + yx’ + y’), XO) = G, 0) 
25. x’ = -y+ x(1 — x? - y’) 
y' =x+y(1 — x? — y’), XO) = (1, 0); X(0) = (2, 0) 


[Hint: The resulting differential equation for r is a Bernoulli 
differential equation. See Section 2.5.] 


' x 2 2 
26. x y (4-x y) 
Vx? + y? 
yl =x - 4 — (4-7-9, 


Vx? + y’ 


X(0) = (1, 0); X() = (2, 0) 


[Hint: See Example 3 in Section 2.2.] 


If a plane autonomous system has a periodic solution, then there 
must be at least one critical point inside the curve generated 
by the solution. In Problems 27—30, use this fact together with 

a numerical solver to investigate the possibility of periodic 
solutions. 


27. x’ = —x + 6y 28. x’ = —x + 6xy 
y' =xy+ 12 y’ = —8xy + 2y 
29. x’ =y 
y' =y(1 — 3x? — 2y’) —x 
30. x’ = xy 
y=-1-x-y 


31. If z =f(, y) is a function with continuous first partial deriva- 
tives in a region R, then a flow V(x, y) = (P(, y), Q(@, y)) in 


R may be defined by letting P(x, y) = _of (x, y) and 
dy 
Zo, y). Show that if X(t) = (x(4), y(4)) is a solution 


O(x, y) = 

of the shine autonomous system 
x' = P(x, y) 
y’ = Q(, y), 


then f(x(4), y(t) = c for some constant c. Thus a solution curve 
lies on the level curves of f [Hint: Use the Chain Rule to 
d 

— f(x(t), y(t). 

an ), ¥).] 


compute 
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critical point 


(a) 


Xo 


critical point 


(b) 


Xo 


critical point 


critical point 


(c) 


FIGURE 11.2.1 Critical points 
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12] Stability of Linear Systems 


INTRODUCTION = We have seen that the plane autonomous system 


dx 

—_ = P. 

dt @ ») 
dy 

i O(x, y) 


gives rise to a vector field V(x, y) = (P(x, y), Q(x, y)), and a solution X = X(f) of the system 
may be interpreted as the resulting path of a particle that is initially placed at position 
X(0) = Xo. If Xp is a critical point of the system, then the particle remains stationary. In this 
section we examine the behavior of solutions when Xy is chosen close to a critical point of 
the system. 


I| Some Fundamental Questions Suppose that X;, is a critical point of a plane autono- 
mous system and X = X(f) is a solution of the system that satisfies X(O) = Xo. If the solution 
is interpreted as a path of a moving particle, we are interested in the answers to the following 
questions when X, is placed near X;: 


(i) Will the particle return to the critical point? More precisely, if X = X(7) is the solution that 
satisfies X(0) = Xo, is lim,,., X(t) = X,? 

(ii) If the particle does not return to the critical point, does it remain close to the critical point 
or move away from the critical point? It is conceivable, for example, that the particle may 
simply circle the critical point, or it may even return to a different critical point or to no 
critical point at all. See FIGURE 11.2.1. 


If in some neighborhood of the critical point case (a) or (b) in Figure 11.2.1 always occurs, we 
call the critical point locally stable. If, however, an initial value X, that results in behavior 
similar to (c) can be found in any given neighborhood, we call the critical point unstable. These 
concepts will be made more precise in Section 11.3, where questions (7) and (ii) will be investi- 
gated for nonlinear systems. 


[| Stabi lity Analysis We will first investigate these two stability questions for /inear plane 
autonomous systems and lay the foundation for Section 11.3. The solution methods of Chapter 10 
enable us to give a careful geometric analysis of the solutions to 


x =antb 
(1) 
y’ =cx + dy 


in terms of the eigenvalues and eigenvectors of the coefficient matrix 


Here a, b, c, and d are constants. To ensure that X) = (0, 0) is the only critical point, we will 
assume that the determinant A = ad — bc # 0. If tT = a + dis the trace* of matrix A, then the 
characteristic equation det (A — AI) = 0 can be rewritten as 


V-=TAt+ A=0. 


Therefore the eigenvalues of A are A = (tT + V7? — 4A)/2, and the usual three cases for 
these roots occur according to whether 7? — 4A is positive, negative, or zero. In the next 
example we use a numerical solver to discover the nature of the solutions corresponding to 
these cases. 


*In general, if A is ann X n matrix, the trace of A is the sum of the main diagonal entries. 
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| EXAMPLE1 | Eigenvalues and the Shape of Solutions 


Find the eigenvalues of the linear system 


‘4 


xX SSK Ty 
Uy 


y ~~ y 


in terms of c, and use a numerical solver to discover the shapes of solutions corresponding to 
the cases c = i 4,0, and —9. 


—1 1 
SOLUTION The coefficient matrix ( _ i) has trace T = —2 and determinant A = 1 — c, 
and so the eigenvalues are sf 


Age = 2+ V4a—4a — 
La siete ay es, 


2 2 


The nature of the eigenvalues is therefore determined by the sign of c. 

If c = 4, then the eigenvalues are negative and distinct: A = —4 and —}. In FIGURE 11.2.2(a) 
we have used a numerical solver to generate solution curves or trajectories that correspond to 
various initial conditions. Note that, except for the trajectories drawn in red in the figure, the 
trajectories all appear to approach 0 from a fixed direction. Recall from Chapter 10 that a col- 
lection of trajectories in the xy-plane or phase plane is called a phase portrait of the system. 

When c = 4 the eigenvalues have opposite signs, A = | and —3, and an interesting phe- 
nomenon occurs. All trajectories move away from the origin in a fixed direction except for 
solutions that start along the single line drawn in red in Figure 11.2.2(b). We have already 
seen behavior like this in the phase portrait given in Figure 10.2.2. Experiment with your 
numerical solver and verify these observations. 

The selection c = 0 leads to a single real eigenvalue A = —1. This case is very similar to 
the case c = } with one notable exception. All solution curves in Figure 11.2.2(c) appear to 
approach 0 from a fixed direction as ¢ increases. 


y 


0.5 - 


-0.5 7 


-0.5 0.5 -0.5 0.5 
(c)c=0 (d) c=-9 


FIGURE 11.2.2 Phase portraits of linear system in Example | 
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Finally, when c = —9,A = —-1L+V = —| + 3i. Thus the eigenvalues are conjugate 
complex numbers with negative real part —1. Figure 11.2.2(d) shows that solution curves 


spiral in toward the origin 0 as f¢ increases. = 


The behaviors of the trajectories observed in the four phase portraits in Figure 11.2.2 
in Example | can be explained using the eigenvalue—eigenvector solution results from 
Chapter 10. 


Case I: Real Distinct Eigenvalues (t* — 4A > 0) 


According to Theorem 10.2.1 in Section 10.2, the general solution of (1) is 
given by 


X(t) = cK e*" + c)Ke™, (2) 
FIGURE 11.2.3 Stable node 
where A, and J, are the eigenvalues and K, and K, are the corresponding eigenvec- 
tors. Note that X(t) can also be written as 


X(t) = ee K, + eK ,e%7 2”). (3) 


(a) Both eigenvalues negative (tT? — 44 > 0,7 <0, and A > 0) 


Stable Node (A, < A, < 0): Since both eigenvalues are negative, it follows from (2) 

x that lim,,,.X(t) = 0. If we assume that A, < A,, then A, — A; < O and so eis an 
exponential decay function. We may therefore conclude from (3) that X() ~ c; Kye ast 
for large values of t. When c, # 0, X(¢) will approach 0 from one of the two directions 
determined by the eigenvector K, corresponding to A,. If c, = 0, X(t) = co>K,e*" 
and X(t) approaches 0 along the line determined by the eigenvector K,. FIGURE 11.2.3 
shows a collection of solution curves around the origin. A critical point is called a 
stable node when both eigenvalues are negative. 


FIGURE 11.2.4 Unstable node (b) Both eigenvalues positive (77 — 4A >0,7>0, and A> 0) 
Unstable Node (0 < A, < A,): The analysis for this case is similar to (a). Again 
y from (2), X(t) becomes unbounded as ft increases. Moreover, again assuming Aj < A, 
K, and using (3), we see that X(t) becomes unbounded in one of the directions deter- 


mined by the eigenvector K, (when c, # 0) or along the line determined by the 
eigenvector K, (when c, = 0). FIGURE 11.2.4 shows a typical collection of solution 
curves. This type of critical point, corresponding to the case when both eigenvalues 
are positive, is called an unstable node. 
x (c) Eigenvalues have opposite signs (r* — 44 > 0 and A < 0) 
Saddle Point (A, < 0 < A,): The analysis of the solutions is identical to (b) 
with one exception. When c, = 0, X(t) = c,K,e”' and, since A, < 0, X(4) will 
K, approach 0 along the line determined by the eigenvector K,. If X(O) does 
not lie on the line determined by K,, the line determined by K, serves as an 
asymptote for X(t). Thus the critical point is unstable even though some solutions 
approach 0 as ¢ increases. This unstable critical point is called a saddle point. 
FIGURE 11.2.5 Saddle point See FIGURE 11.2.5. 


| EXAMPLE2 | Real Distinct Eigenvalues 


Classify the critical point (0, 0) of each of the following linear systems X’ = AX as either a 
stable node, an unstable node, or a saddle point. 


2 3 =10 ¢ 
@ a=(3 ) o) a=( 15 _ 


In each case discuss the nature of the solutions in a neighborhood of (0, 0). 


SOLUTION (a) Since the trace t = 3 and the determinant A = —4, the eigenvalues are 


‘ ce Vere aA. 3 2°VP—4 4) 25 4 
2 2 2 an 
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FIGURE 11.2.6 Saddle point 


y 


FIGURE 11.2.7 Stable node 


The eigenvalues have opposite signs, and so (0, 0) is a saddle point. It is not hard to show 
(see Example 1, Section 10.2) that eigenvectors corresponding to A, = 4 and A, = —1 are 


respectively. If X(0) = Xq lies on the line y = —.x, then X(t) approaches 0. For any 
other initial condition X(t) will become unbounded in the directions determined by K,. 
In other words, the line y = }x serves as an asymptote for all these solution curves. See 
FIGURE 11.2.6. 


(b) From7 = —29 and A = 100 it follows that the eigenvalues of A are A; = —4.and A, = —25. 
Both eigenvalues are negative, and so (0, 0) is in this case a stable node. Since eigenvectors 
corresponding to A; = —4 and A, = —25 are 


1 2 
K, = ( ) and K, = ( ) 
1 =) 


respectively, it follows that all solutions approach 0 from the direction defined by K, except 
those solutions for which X(0) = Xj lies on the line y = —}3x determined by K3. These solu- 


tions approach 0 along y = —3x. See FIGURE 11.2.7. = 


Case II: A Repeated Real Eigenvalue (t* — 4A = 0) 


Degenerate Nodes: Recall from Section 10.2 that the general solution takes on 
one of two different forms depending on whether one or two linearly independent 
eigenvectors can be found for the repeated eigenvalue Aj. 


(a) Two linearly independent eigenvectors 


If K, and K, are two linearly independent eigenvectors corresponding to A,, then 
the general solution is given by 


X(t) = c,K,e*" + cK e*" = (cK, + Kye. 


If A, <0, then X() approaches 0 along the line determined by the vector c,;K, + c,K, 
and the critical point is called a degenerate stable node. See FIGURE 11.2.8(a). The 
arrows in Figure 11.2.8(a) are reversed when A, > 0, and we have a degenerate 
unstable node. 


cK, + cK, 


K, K, 


(a) (b) 


FIGURE 11.2.8 Degenerate stable nodes 
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FIGURE 11.2.9 Center 


(a) 


(b) 


FIGURE 11.2.10 Stable and unstable 


spiral points 


(b) A single linearly independent eigenvector 
When only a single linearly independent eigenvector K, exists, the general solution 
is given by 

X(t) = c\K,e*" + c,(K,te*” + Pe*"), 


where (A — A, DP = K, (see Section 10.2, (12)—(14)), and the solution may be 
rewritten as 


= At Cr Cy 
X() = tel eK, + K, + > PI. 


If A, < 0, then lim, te*"’= 0 and it follows that X(t) approaches 0 in one of the 
directions determined by the vector K, (see Figure 11.2.8(b)). The critical point is 
again called a degenerate stable node. When A, > 0, the solutions look like those in 
Figure 11.2.8(b) with the arrows reversed. The line determined by K, is an asymptote 
for all solutions. The critical point is again called a degenerate unstable node. 


Case III: Complex Eigenvalues (t* — 4A < 0) 


IfA,; =a + iB and A = a — if are the complex eigenvalues and K, = B, + iB, 
is a complex eigenvector corresponding to A,, the general solution can be written 
as X(t) = c,X,(f) + c.X,(t), where 


X,(t) = (B, cos Bt — B, sin BHe" and X,(f) = (B, cos Br + B, sin Bhe™. 


See equations (23) and (24) in Section 10.2. A solution can therefore be written in 
the form 


x(t) = e“(c), cos Bt + cy sin BA), ~——-y(t) = e (co, cos Bt + cx sin Br), (4) 
and when a = 0 we have 
x(t) = c), cos B+ cy sin Bt, —_ y(t) = >, cos Bt + cy sin Bt. (5) 


(a) Pure imaginary roots (rt? — 4A < 0,7 = 0) 
Center: When a = 0, the eigenvalues are pure imaginary and, from (5), all solutions 


are periodic with period p = 277/B. Notice that if both c;, and c,; happened to be 0, 
then (5) would reduce to 


x(t) = ci, cos Bt, y(t) = Cp Sin Pr, 


which is a standard parametric representation for the ellipse x°/c7, + y’/c3, = 1. By 
solving the system of equations in (4) for cos Br and sin Br and using the identity 
sin’ Bt + cos’ Bt = 1, it is possible to show that all solutions are ellipses with cen- 
ter at the origin. The critical point (0, 0) is called a center, and FIGURE 11.2.9 shows 
a typical collection of solution curves. The ellipses are either all traversed in the 
clockwise direction or all traversed in the counterclockwise direction. 


(b) Nonzero real part (17 — 4A < 0, 7 # 0) 


Spiral Points: When a # 0, the effect of the term e“ in (4) is similar to the effect of the 
exponential term in the analysis of damped motion given in Section 3.8. When a < 0, 
e“ —> 0, and the elliptical-like solution spirals closer and closer to the origin. The critical 
point is called a stable spiral point. When a > 0, the effect is the opposite. An elliptical- 
like solution is driven farther and farther from the origin, and the critical point is now 
called an unstable spiral point. See FIGURE 11.2.10. 


| EXAMPLE3 | Repeated and Complex Eigenvalues 


Classify the critical point (0, 0) of each of the following linear systems X’ = AX. 


3. -18 =1 2 
@4=(3 8) wma=(1 4) 


In each case discuss the nature of the solution that satisfies X(0) = (1, 0). Determine parametric 
equations for each solution. 
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(b) 


FIGURE 11.2.11 Solution curves in 
Example 3 


SOLUTION (a) Since tT = —6 and A = 9, the characteristic polynomial is A* + 6A + 9 = 
(A + 3), and so (0, 0) is a degenerate stable node. For the repeated eigenvalue A = —3 we 


find a single eigenvector K, = uy’ and so the solution X(t) that satisfies X(O) = (1, 0) 
approaches (0, 0) from the direction specified by the line y = x/3. 


(b) Since 7 = 0 and A = 1, the eigenvalues are A = +i, and so (0, 0) is a center. The 
solution X(f) that satisfies X(O) = (1, 0) is an ellipse that circles the origin every 277 units 
of time. 

From Example 4 of Section 10.2 the general solution of the system in part (a) is 


1 
X() = ate" + a (Pte + (s\e™ 


The initial condition gives c; = O and c, = 2, and so x = (6 + l)e *, y = 2te * are parametric 
equations for the solution. 
The general solution of the system in part (b) is 


cost + sint cosf — sint 
X() = c¢ + Cy . ‘ 
cos t —sin t 


The initial condition gives c; = 0 and c, = 1, and so x = cos f — sin f, y = —sin f are para- 
metric equations for the ellipse. Note that y < 0 for small positive values of t, and therefore 
the ellipse is traversed in the clockwise direction. 

The solutions of parts (a) and (b) are shown in FIGURES 11.2.11(a) and 11.2.11(b), 
respectively. = 


[| Classifying Critical Points FIGURE 11.2.12 conveniently summarizes the results of 
this section. The general geometric nature of the solutions can be determined by computing 
the trace and determinant of A. In practice, graphs of the solutions are most easily obtained 
not by constructing explicit eigenvalue—eigenvector solutions but rather by generating the 
solutions numerically using a numerical solver and a method such as the Runge—Kutta method 
for first-order systems (Section 6.4). 


unstable 
spiral 


stable 
spiral 


stable node unstable node 


T2-4A<0 


center 


degenerate 
unstable node 


degenerate 
stable node 


saddle 


Wy) 
i 


FIGURE 11.2.12 Geometric summary of Cases I, II, and TIT 
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| EXAMPLE4 | Classifying Critical Points 


Classify the critical point (0, 0) of each of the following linear systems X’ = AX 
1.01 3.10 —ak —abx 
@ A=( ) ow a=( : > 
=1.10 1.02 —cdy —dy 
for positive constants a, b, c, d, X, and y. 


SOLUTION (a) For this matrix 7 = —0.01, A = 2.3798, and so r” — 4A < 0. Using 
Figure 11.2.12, we see that (0, 0) is a stable spiral point. 


(b) This matrix arises from the Lotka—Volterra competition model, which we will study in 
Section 11.4. Since r = —(ax + dy) and all constants in the matrix are positive, 7 < 0. The 
determinant may be written as A = ad& (1 — be). If bc > 1, then A < 0 and the critical point is 
a saddle point. If bc < 1, then A > 0 and the critical point is either a stable node, a degenerate 


stable node, or a stable spiral point. In all three of these cases lim,_,,,X(4) = 0. = 
We can now give answers to each of the questions posed at the beginning of this section for 
the linear plane autonomous system 
x’ =ax + by 
y’ =cx + dy 


with ad — bc # 0. The answers are summarized in the theorem below. 


Theorem 11.2.1 — Stability Criteria for Linear Systems 


For a linear plane autonomous system X’ = AX with det A # 0, let X = X(A) denote the 
solution that satisfies the initial condition X(0) = Xp, where X) # 0. 
(a) lim,,,. X(4) = 0 if and only if the eigenvalues of A have negative real parts. This will 
occur when A > 0 and 7 < 0. 
(b) X(A) is periodic if and only if the eigenvalues of A are pure imaginary. This will 
occur when A > 0 and 7 = 0. 
(c) Inall other cases, given any neighborhood of the origin, there is at least one Xq in the 
neighborhood for which X(t) becomes unbounded as f increases. 


REMARKS 


The terminology used to describe the types of critical points varies from text to text. The 
following table lists many of the alternative terms that you may encounter in your reading. 


Term Alternative Terms 


critical point equilibrium point, singular point, stationary point, rest point 


spiral point focus, focal point, vortex point 
stable node or spiral point attractor, sink 


unstable node or spiral point _repeller, source 


11.2 | Exercises Answers to selected odd-numbered problems begin on page ANS-28. 


In Problems 1-8, the general solution of the linear system =)? =—2 Dy ag i 
xX’ = AX is given. 1. A = =) as > X(A) = Cy ={ e + C2 2 € 
(a) In each case discuss the nature of the solution in a 2A= e | X() = a ie + of 4) 
neighborhood of (0, 0). 3 4 —1 6 
(b) With the aid of a graphing utility plot the solution that 3 A= & - a X(f) = ele( — ; 4 of isis d | 
1 1 cos t sin t 


satisfies X(O) = (1, 1). 


642 | CHAPTER 11 Systems of Nonlinear Differential Equations 


= 
> 
II 
a 
I 
|| 
me Bf 
“SS 


a 2cos 2t —2sin 2t 
XH=e ‘lel. + C 
sin 2t cos 2t 


Scos 2t 5 sin 2t 
X(t) = c, . + . 
cos 2t — 2sin 2t 2cos 2t + sin 2t 


In Problems 9-16, classify the critical point (0, 0) of the given 
linear system by computing the trace 7 and determinant A and 
using Figure 11.2.12. 


9. x’ = —5x + 3y 10. x’ = —5x + 3y 


y’ =2x+ Ty y’ = 2x — Ty 

11. x’ = —5x + 3y 12. x’ = —5x + 3y 
y' = —2x + 5y y’ = —7x + 4y 

13. x’ = —3x+4y 14. x' =3xt+4y 
y=-x- ay yooxrt sy 

15. x’ = 0.02x — 0.1 1y 16. x’ = 0.03x + 0.01y 
y’ = 0.10x — 0.05y y’ = —0.01x + 0.05y 


17. Determine conditions on the real constant y so that (0, 0) is a 


center for the linear system 


x’ = —-uxty 


y = —x + py. 


18. 


19. 


20. 


21. 


22. 


Determine a condition on the real constant u so that (0, 0) is 
a stable spiral point of the linear system 


x’ =y 
y= —x + py. 

Show that (0, 0) is always an unstable critical point of the 
linear system 

x =uxty 

y=—xty, 

where pris a real constant and u # — 1. When is (0, 0) an unstable 
saddle point? When is (0, 0) an unstable spiral point? 

Let X = X(f) be the response of the linear dynamical system 


x’ =ax — By 
y’ = Bx + ay 


that satisfies the initial condition X(0) = Xp. Determine 
conditions on the real constants a and B that will ensure 
lim,_,,, X(® = (0, 0). Can (0, 0) be a node or saddle point? 
Show that the nonhomogeneous linear system X’ = AX + F 
has a unique critical point X, when A = det A # 0. Conclude 
that if X = X(4) is a solution to the nonhomogeneous system, 
7 <0 and A > O, then lim X(t) = X,. [Hint: 
X() = X.) + X,.] 

In Example 4(b) show that (0, 0) is a stable node when 
be <1. 


too 


In Problems 23—26, a nonhomogeneous linear system 


X’ = AX + Fis given. 
(a) In each case determine the unique critical point X,. 
(b) Use a numerical solver to determine the nature of the 
critical point in part (a). 
(c) Investigate the relationship between X, and the criti- 
cal point (0, 0) of the homogeneous linear system 
X’ = AX. 
23. x’ =2x + 3y-6 24. x’! = —5x + 9y + 13 
y =-x-2y+5 y' =—-x- lly— 23 
25. x’ = 0.1x —0.2y+ 0.35 26. x’ =3x-2y-1 


y’ = 0.1x + 0.1y — 0.25 


y' =5x—-3y-2 


13] Linearization and Local Stability 


INTRODUCTION The key idea in this section is that of linearization. Recall from calculus 
and Section 2.6, a linearization of a differentiable function f(x) at a number x, is the equation of 
the tangent line to the graph of f at the point: 


v= {Op FF 7 = ey 


For x close to x, the points on the graph of fare close to the points on the tangent line so values y(x) 
obtained from the equation of the tangent line are said to be local linear approximations to the cor- 
responding function values f(x). Similarly, a linearization of a function of two variables f(x, y) that is 
differentiable at a point (x;, y,) is the equation of the tangent plane to the graph of fat the point: 


Z= fOr yy) + AG. WI — 11) + fOr WO — yd), 
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FIGURE 11.3.1 Bead sliding on graph 


of z = f(x) 


FIGURE 11.3.2 Critical points 
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@..® 


Va 


(a) stable 


(b) unstable 


where f, and f, are partial derivatives with respect to x and y, respectively. In this section we will 
use linearization as a means of analyzing nonlinear DEs and nonlinear systems; the idea is to 
replace them by linear DEs and linear systems. 


I Sliding Bead We start this section by refining the stability concepts introduced in 
Section 11.2 in such a way that they will apply to nonlinear autonomous systems as well. Although 
the linear system X’ = AX had only one critical point when det A # 0, we saw in Section 11.1 
that a nonlinear system may have many critical points. We therefore cannot expect that a particle 
placed initially at Xp will remain near a given critical point X, unless Xy has been placed suffi- 
ciently close to X, to begin with. The particle might well be driven to a second critical point X. 
To emphasize this idea we will consider the physical system shown in FIGURE 11.3.1 in which a 
bead slides along the curve z = f(x) under the influence of gravity alone. We will show in Section 
11.4 that the x-coordinate of the bead satisfies a nonlinear second-order differential equation 
x" = g(x, x’), and therefore letting y = x’ satisfies the nonlinear autonomous system 


x’ =y 
y’ = g(x, y). 


If the bead is positioned at P = (x, f(x)) and given zero initial velocity, the bead will remain 
at P provided f’(x) = 0. If the bead is placed near the critical point located at x = x,, it will remain 
near x = x, only if its initial velocity does not drive it over the “hump” at x = x, toward the criti- 
cal point located at x = x,. Therefore X(0) = (x(0), x’(0)) must be near (x, 0). 

In the next definition we will denote the distance between two points X and Y by IX — YI. 
Recall that if X = (x), x,...,x,) and Y = (4), yo ..., y,), then 


IX = Yl = Vx a yi) + (X5 ~ yy) atest (X, ~ We 


Definition 11.3.1 Stable Critical Points 


Let X, be a critical point of an autonomous system, and let X = X(f) denote the solution that 
satisfies the initial condition X(0) = Xo, where X) # X,. We say that X, is a stable critical 
point when, given any radius p > 0, there is a corresponding radius r > O such that if the 
initial position Xp satisfies IX) — X,l < r, then the corresponding solution X(t) satisfies 
IX(t) — X,I < p for all t > O. If, in addition, lim,,,, X(4) = X, whenever IX) — X,I < r, we 
call X, an asymptotically stable critical point. 


This definition is illustrated in FIGURE 11.3.2(a). Given any disk of radius p about the critical 
point X,, a solution will remain inside this disk provided X(0) = Xp is selected sufficiently close 
to X,. It is not necessary that a solution approach the critical point in order for X, to be stable. 
Stable nodes, stable spiral points, and centers are all examples of stable critical points for linear 
systems. To emphasize that X, must be selected close to X, the terminology locally stable critical 
point is also used. 

By negating Definition 11.3.1 we obtain the definition of an unstable critical point. 


Definition 11.3.2 Unstable Critical Point 


Let X, be a critical point of an autonomous system, and let X = X(f) denote the solution 
that satisfies the initial condition X(0) = Xo, where X) # X,. We say that X, is an unstable 
critical point if there is a disk of radius p > O with the property that, for any r > 0, there 
is at least one initial position X, that satisfies IX) — X,| <r, yet the corresponding solution 
X(a) satisfies X(t) — X,| = p for at least one t > 0. 


If a critical point X, is unstable, no matter how small the neighborhood about X,, an initial 
position Xp can always be found that results in the solution leaving some disk of radius p at some 
future time f. See Figure 11.3.2(b). Therefore unstable nodes, unstable spiral points, and saddle 
points are all examples of unstable critical points for linear systems. In Figure 11.3.1 the critical 
point (x5, 0) is unstable. The slightest displacement or initial velocity results in the bead sliding 
away from the point (x2, f(x2)). 
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| EXAMPLE1 | A Stable Critical Point 


Show that (0, 0) is a stable critical point of the nonlinear plane autonomous system 
xi = -y-—xVx? 4+ y’ 
y=x-yVx2+y 


considered in Example 6 of Section 11.1. 


SOLUTION In Example 6 of Section 11.1 we showed that in polar coordinates 


1 
r > 6=t+o, 
i+ Cc, 


is the solution of the system. If X(O) = (79, 09) is the initial condition in polar coordinates, then 


To 
rot + 1 


6=t+ 4. 


Note that r = rp for tf = 0, and r approaches (0, 0) as ¢ increases. Therefore, given p > 0, a 
solution that starts less than p units from (0, 0) remains within p units of the origin for all t = 0. 
FIGURE 11.3.3 Asymptotically stable Hence the critical point (0, 0) is stable and is in fact asymptotically stable. A typical solution 
critical point in Example 1 is shown in FIGURE 11.3.3. = 


| EXAMPLE2 | An Unstable Critical Point 


When expressed in polar coordinates, a plane autonomous system takes the form 


a 


7 00573 = 1) 
do 

— = -1. 

dt 


Show that (x, y) = (0, 0) is an unstable critical point. 


SOLUTION Since x = rcos 6 and y = rsin 0, we have 


dx . .d0 adr 

— = —rsin@ + cos 0 
dt dt dt 

d d 

2 oe + ot ae 
dt dt dt 


From dr/dt = 0.05r(3 — r) we see that dr/dt = 0 when r = 0 and can conclude that (x, y) = (0, 0) 
is a critical point by substituting r = 0 into the new system. 

The differential equation dr/dt = 0.05r(3 — r) is a logistic equation that can be solved 
using separation of variables. If r(0) = rp and ry # 0, then 


_ 3 


r= ——__ 
=0.15¢? 
1 + ce 


where Cy = (3 — 19)/ro. Since 


lim ————,5 = 3 
isco 1 +E ce ? 


it follows that no matter how close to (0, 0) a solution starts, the solution will leave a disk of 
FIGURE 11.3.4 Unstable critical point radius | about the origin. Therefore (0, 0) is an unstable critical point. A typical solution that 
in Example 2 starts near (0, 0) is shown in FIGURE 11.3.4. = 


[| Linearization Itis rarely possible to determine the stability of a critical point of a non- 
linear system by finding explicit solutions, as in Examples | and 2. Instead we replace the term 
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g(X) in the original autonomous system X’ = g(X) by a linear term A(X — X,) that most closely 
approximates g(X) in a neighborhood of X,. This replacement process, called linearization, will 
be illustrated first for the first-order differential equation x’ = g(x). 

An equation of the tangent line to the curve y = g(x) at x = x, is y = g(x) + g'(x)(x — x), 
and if x, is a critical point of x’ = g(x), we have 


x’ = g(x) ~ g'(X)@ — x). 
The general solution to the linear differential equation 
x’ = ix) — x) 


is x = x, tce*, where A, = g'(x,). Thus if g/(x,) < 0, then x(t) approaches x,. Theorem 11.3.1 
asserts that the same behavior occurs in the original differential equation provided x(0) = xp is 
selected close enough to x,. 


Theorem 11.3.1 Stability Criteria for x’ = g(x) 


Anionainouahsecrlee Let x, be a critical point of the autonomous first-order differential equation x’ = g(x), where 
DEs were discussed in g is differentiable at x,. 
Section 2.1. 


(a) If g’(x,) < 0, then x, is an asymptotically stable critical point. 
(b) If g’(x,) > 0, then x, is an unstable critical point. 


| EXAMPLE3 | Stability in a Nonlinear First-Order DE 


Both x = 7/4 and x = 57/4 are critical points of the autonomous differential equation 
x’ = cos x — sin x. This differential equation is difficult to solve explicitly, but we can use 
Theorem 11.3.1 to predict the behavior of solutions near these two critical points. 

Since g'(x) = —sin x — cos x, g'(m/4) = —V2 < O and g'(5/4) = V2 > 0. Therefore 
x = 7/4 is an asymptotically stable critical point, but x = 577/4 is unstable. In FIGURE 11.3.5 
we used a numerical solver to investigate solutions that start near (0, 77/4) and (0, 57/4). 
Observe that solution curves that start close to (0, 57/4) quickly move away from the line 


x = 5/4, as predicted. = 


FIGURE 11.3.5 In Example 3, 77/4 is 
asymptotically stable; 57/4 is unstable 


| EXAMPLE4 | Stability Analysis of the Logistic DE 


Without solving explicitly, analyze the critical points of the logistic differential equation (see 


Section 2.8) x’ = ek — x), where r and K are positive constants. 
SOLUTION The two critical points are x = 0 and x = K. Since 
Fr 
(x) = > (K — 2x), 
g'(x) K ( x) 


g'(0) = rand g'(K) = —rand it follows from Theorem 11.3.1 that x = 0 is an unstable critical 


point and x = K is an asymptotically stable critical point. = 


[| Jacobian Matrix A similar analysis may be carried out for a plane autonomous system. 
An equation of the tangent plane to the surface z = g(x, y) at X, = (x, y)) is 


0 
(ug) a 


= (y — y), 


(x,y) 


ag 
z= spy) to 


(41, 1) 


and g(x, y) may be approximated by its tangent plane in a neighborhood of X,. 
When X, is a critical point of a plane autonomous system, P(x, y;) = Q(x), y;) = 0 and we have 


oP oP 
x’ = P(x, y) = — =X) + — 


(y — yD) 
ox (4 y) dy (x,y) 
; dQ dQ 
yO) |). BH xye | Gm yy. 
(X,Y) dy (1, Y) 


646 | CHAPTER 11 Systems of Nonlinear Differential Equations 


The original system X’ = g(X) may be approximated in a neighborhood of the critical point X, 
by the linear system X’ = A(X — X,), where 


oP oP 
A= ax (x,y) dy (x,y) 

dQ dQ 

ax (1) dy (x1, 1) 


This matrix is called the Jacobian matrix at X, and is denoted by g'(X,). If we let H = X — X,, 
then the linear system X’ = A(X — X,) becomes H’ = AH, which is the form of the linear system 
analyzed in Section 11.2. The critical point X = X, for X' = A(X — X,) now corresponds to the 
critical point H = 0 for H' = AH. If the eigenvalues of A have negative real parts, then, by 
Theorem 11.2.1, 0 is an asymptotically stable critical point for H' = AH. If there is an eigenvalue 
with a positive real part, H = 0 is an unstable critical point. Theorem 11.3.2 asserts that the same 
conclusions can be made for the critical point X, of the original system. 


Theorem 11.3.2 Stability Criteria for Plane Autonomous Systems 


Let X, be a crtical point of the plane autonomous sytem X’ = g(X), where P(x, y) and Q(x, y) 
have continuous first partial derivatives in a neighborhood of X,. 


(a) If the eigenvalues of A = g’(X,) have negative real part, then X, is an asymptotically 
stable critical point. 

(b) If A = g’(X,) has an eigenvalue with positive real part, then X, is an unstable critical 
point. 


| EXAMPLES | Stability Analysis of Nonlinear Systems 


Classify (if possible) the critical points of each of the following plane autonomous systems 
as stable or unstable. 
(a) x. =r +y-6 (b) x’ = 0.01x(100 — x — y) 

y=x-y y’ = 0.05y(60 — y — 0.2x) 


SOLUTION = The critical points of each system were determined in Example 4 of Section 11.1. 
(a) The critical points are (V2, 2) and (V2, 2), the Jacobian matrix is 


, _ {2x 2y 


and so 
2V2—« 4 -2V2 4 
A, = (V2, 2)) = CY; S and A, = g((— V2, 2)) = ey 2 


Since the determinant of A, is negative, A, has a positive real eigenvalue. Therefore (V2, 2) 
is an unstable critical point. Matrix A, has a positive determinant and a negative trace, and so 
both eigenvalues have negative real parts. It follows that (-V2, 2) is a stable critical point. 


(b) The critical points are (0, 0), (0, 60), (100, 0), and (50, 50), the Jacobian matrix is 


eX) = Gaal — y) —0.01x ), 
—0.01y 0.05(60 — 2y — 0.2x) 
and so 
{1 0 _{ 04 0 
A, = g'((0,0)) = (; ) A, = 8((0, 60)) & >) 
_f-1 -1 _ (=05 =05 
A; = g/((100, 0)) = ( " s) A, = g'((50, 50)) e ) 
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FIGURE 11.3.6 Point appears to be a 
stable spiral point 


648 | 


Since the matrix A, has a positive determinant and a positive trace, both eigenvalues have 
positive real parts. Therefore (0, 0) is an unstable critical point. The determinants of matrices 
A, and A, are negative, and so in each case one of the eigenvalues is positive. Therefore both 
(0, 60) and (100, 0) are unstable critical points. Since the matrix A, has a positive determinant 


and a negative trace, (50, 50) is a stable critical point. = 


In Example 5 we did not compute t* — 4A (as in Section 11.2) and attempt to further classify 
the critical points as stable nodes, stable spiral points, saddle points, and so on. For example, 


for X, = (— 


2, 2) in Example 4(a), 7 — 4A < 0, and if the system were linear, we would be 


able to conclude that X, was a stable spiral point. FIGURE 11.3.6 shows several solution curves 
near X, that were obtained with a numerical solver, and each solution does appear to spiral in 
toward the critical point. 


Hi Classifying Critical Points It is natural to ask whether we can infer more geometric 
information about the solutions near a critical point X, of a nonlinear autonomous system from 
an analysis of the critical point of the corresponding linear system. The answer is summarized 
in FIGURE 11.3.7, but you should note the comments following the figure. 


(i) 


(ii) 


(iii) 


T2=4A 
stable unstable 
spiral spiral 


I u 4 
/ unstable node 
7 


stable node 


? 2) 
tT2-4A <0 
stable 9 2 9 unstable 
? ? | ? / ? T 
saddle 


FIGURE 11.3.7 Geometric summary 


In five separate cases (stable node, stable spiral point, unstable spiral point, unstable 
node, and saddle) the critical point may be categorized like the critical point in the cor- 
responding linear system. The solutions have the same general geometric features as 
the solutions to the linear system, and the smaller the neighborhood about X,, the closer 
the resemblance. 

If r? = 4A and > 0, the critical point X, is unstable, but in this borderline case we are 
not yet able to decide whether X, is an unstable spiral, unstable node, or degenerate 
unstable node. Likewise, if r? = 4A and r < 0, the critical point X, is stable but may 
be either a stable spiral, a stable node, or a degenerate stable node. 

If7 = Oand A > 0, the eigenvalues of A = g'(X) are pure imaginary, and in this borderline 
case X, may be either a stable spiral, an unstable spiral, or a center. It is therefore not yet 
possible to determine whether X, is stable or unstable. 
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| EXAMPLE6 | Classifying Critical Points of a Nonlinear System 


Classify each critical point of the plane autonomous system in Example 5(b) as a stable node, 
a Stable spiral point, an unstable spiral point, an unstable node, or a saddle point. 


SOLUTION For the matrix A, corresponding to (0, 0), A = 3, 7 = 4, and so 7? — 4A = 4. 
Therefore (0, 0) is an unstable node. The critical points (0, 60) and (100, 0) are saddles since 
A < 0 in both cases. For matrix A,, A > 0, 7 < 0, and 7? — 4A > 0. It follows that (50, 50) 
is a stable node. Experiment with a numerical solver to verify these conclusions. = 


| EXAMPLE7 | Stability Analysis for a Soft Spring 


Recall from Section 3.11 that the second-order differential equation mx" + kx + kx = 0, for 
k > 0, represents a general model for the free, undamped oscillations of a mass m attached to 
a nonlinear spring. If k = 1 and k, = —1, the spring is called soft and the plane autonomous 
system corresponding to the nonlinear second-order differential equation x” + x — x° = Ois 


x'=y 
y =x-x 
Find and classify (if possible) the critical points. 


SOLUTION Since x* — x = x(x’ — 1), the critical points are (0, 0), (1, 0), and (—1, 0). The 
corresponding Jacobian matrices are 


0 1 0 1 
A, = g’ = A,=g'(1 = g'((-1 = , 
1 = (CO, 0)) ( \). 2 = 9'(C, 0) = g'((—1, 0)) (; ;) 
Since det A, < 0, critical points (1, 0) and (—1, 0) are both saddle points. The eigenvalues of 
matrix A, are +i, and according to comment (iii) on page 648, the status of the critical point 
at (0, 0) remains in doubt. It may be either a stable spiral, an unstable spiral, ora center. = 


I| The Phase-Plane Method The linearization method, when successful, can provide useful 
information on the local behavior of solutions near critical points. It is of little help if we are interested 
in solutions whose initial position X(0) = Xo is not close to a critical point or if we wish to obtain a 
global view of the family of solution curves. The phase-plane method is based on the fact that 


dy _ dy/dt _ Q(x,y) 
dx dx/dt ~ Pr, y) 


and it attempts to find y as a function of x using one of the methods available for solving first- 
order differential equations (Chapter 2). As we show in Examples 8 and 9, the method can 
sometimes be used to decide whether a critical point such as (0, 0) in Example 7 is a stable 
spiral, an unstable spiral, or a center. 


| EXAMPLES | 8 Phase-Plane Method 


Use the phase-plane method to classify the sole critical point (0, 0) of the plane autonomous 
system 


SOLUTION The determinant of the Jacobian matrix 


0 2y 
a xX = 
rmo=-(2 2) 
is 0 at (0, 0), and so the nature of the critical point (0, 0) remains in doubt. Using the phase- 
plane method, we obtain the first-order differential equation 


dy _ dy/dt — x? 
dx  dx/dt— y” 
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FIGURE 11.3.8 Phase portrait of nonlinear 


system in Example 8 


FIGURE 11.3.9 Phase portrait of nonlinear 


system in Example 9 


which can be easily solved by separation of variables: 
[ra fra o yH=erte 


If X(0) = (0, yo), it follows that y> = x° + yg ory = Wixi + yd. FIGURE 11.3.8 shows a col- 
lection of solution curves corresponding to various choices for yo, and the nature of the criti- 
cal point is clear. No matter how close to (0, 0) the solution starts, X(t) moves away from the 
origin as f increases. The critical point at (0, 0) is therefore unstable. = 


| EXAMPLE9 | Phase-Plane Analysis of a Soft Spring 


Use the phase-plane method to determine the nature of the solutions to x” + x — x = Oina 
neighborhood of (0, 0). 


SOLUTION If we let dx/dt = y, then dy/dt = x* — x. From this we obtain the first-order 
differential equation 

dy _dy/fdt_ xx 

dx — dx/dt y ? 


which can be solved by separation of variables. Integrating 


2 4 


ra = [oe —x)dx gives 5 = = 


i) 


ol 
2 


Ge 


After completing the square, we can write the solution as y* = (x? — 1)?/2 + co. If X(O) = (%, 0), 
where 0 < xg < 1, then cy = —(x§ — 1)’/2, and so 


y? 


Go = i _ Gal) @=2 = x0G5 ==) 
7 2 9 - 2 


Note that y = 0 when x = — po. In addition, the right-hand side is positive when —xy <x < x9, and 
so each x has two corresponding values of y. The solution X = X(f) that satisfies X(0) = (%, 0) 
is therefore periodic, and so (0, 0) is a center. 

FIGURE 11.3.9 shows a family of solution curves or phase portrait of the original system. We used 
the original plane autonomous system to determine the directions indicated on each trajectory. = 


| 11.3 | |Exercises| Answers to selected odd-numbered problems begin on page ANS-28. 


1. Show that (0, 0) is an asymptotically stable critical point of In Problems 3-10, without solving explicitly, classify the critical 


the nonlinear autonomous system 


points of the given first-order autonomous differential equation 
as either asymptotically stable or unstable. All constants are 


x’ =ax—- By+y assumed to be positive. 
y’ = Bx + ay — xy dx dx x 
3. —=kx(n+1—x) 4. —=—kxIn-, x>0 
when a < 0 and an unstable critical point when a > 0. [Hint: dt dt k 
Switch to polar coordinates. ] aT - Wve 
2. When expressed in polar coordinates, a plane autonomous : dt Ae Te =m dt i ies 
system takes the form dx 
7. =k(a-—x\(B—-—x), a>B 
da dt 
- 
= dx 
dt 8. a =ka-—x\(B-x(y-x), a>B>y 
o = dP 
- 9. ffs P(a — bP)1 — cP™'), P>0,a< be 


Show that (0, 0) is an asymptotically stable critical point if 10. dA = kVA en V/A) A>O 
It > 


and only if a < 0. 


d 
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In Problems 11-20, classify (if possible) each critical point of 
the given plane autonomous system as a stable node, a stable 
spiral point, an unstable spiral point, an unstable node, or a 
saddle point. 


11. x’ = 1 — 2xy 12. x, =x -y-1 
y' = 2xy-y y’ = 2y 
13. x’ =y—-x4+2 14. x’ =2x-y* 
y' = dxy—y y= yt ay 
15. x’ = —-3x+y°+2 16. x’ =xy—-3y—-4 
y=Hxr-y y=y-x 
17. x’ = —2xy 18. x’ = x(1 — x’ — 3y’) 
y=yoxta-y y' = y3 — x — 3y’) 
19. x’ = x(10 — x — 3y) 20. x’ = —2x+ y+ 10 
y 
'=y(16-y-x "= 2x 15 
i ee | y—X) 7 7 yes 


In Problems 21—26, classify (if possible) each critical point of 
the given second-order differential equation as a stable node, a 
stable spiral point, an unstable spiral point, an unstable node, or 
a saddle point. 


21. 6” = (cos @ — 0.5) sin@, l0l<7 
22. x" + x= (5 -— 30’) — 2 
23. x" +x/(1 —x)-2x =0 


x 
24. x" +4 
1+ 


+2x'=0 
x? . 


25. x” +x=ex fore >0 
26. x" + x — exlxl = 0 for € > O [Hint: <a = 2Ix1.] 
27. Show that the nonlinear second-order differential equation 
(1 + a?x*)x" + (B + a?(x')x = 0 
has a saddle point at (0, 0) when B < 0. 


28. Show that the dynamical system 


x’ = —ax + xy 


y = 1S pax 


has a unique critical point when a6 > | and that this critical 
point is stable when B > 0. 
29. (a) Show that the plane autonomous system 
x =—xty-—x% 
y==a-yty 
has two critical points by sketching the graphs of 
x+y—x =Oand —x— y+ y’ =0. Classify the critical 
point at (0, 0). 


(b) Show thatthe second critical point X, = (0.88054, 1.56327) 
is a saddle point. 
30. (a) Show that (0, 0) is the only critical point of the Raleigh 
differential equation 
x" + eG(x'P — x')+x=0. 
(b) Show that (0, 0) is unstable when € > 0. When is (0, 0) 


an unstable spiral point? 
(c) Show that (0, 0) is stable when e < 0. When is (0, 0) a 
stable spiral point? 


(d) Show that (0, 0) is a center when € = 0. 


wa 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


Use the phase-plane method to show that (0, 0) is a center of 
the nonlinear second-order differential equation x" + 2x* = 0. 
Use the phase-plane method to show that the solution to the 
nonlinear second-order differential equation x” + 2x — x° = 0 
that satisfies x(0) = 1 and x'(0) = 0 is periodic. 

(a) Find the critical points of the plane autonomous system 


x’ = 2xy 
y=H1-xr+y’, 


and show that linearization gives no information about 
the nature of these critical points. 

(b) Use the phase-plane method to show that the critical points 
in part (a) are both centers. [Hint: Let u = y lx, and show 
that (x — c)? + y = (-—1,] 

The origin is the only critical point of the nonlinear second-order 

differential equation x” + (x’)’ + x = 0. 

(a) Show that the phase-plane method leads to the Bernoulli 
differential equation dy/dx = —y — xy"'. 

(b) Show that the solution satisfying x(0) = 5 and x'(0) = 0 
is not periodic. 

A solution of the nonlinear second-order differential equation 

x" + x — x» = 0 satisfies x(0) = 0 and x'(0) = vo. Use the 

phase-plane method to determine when the resulting solution 

is periodic. [Hint: See Example 9.] 

The nonlinear differential equation x” + x = 1 + ex’ arises 

in the analysis of planetary motion using relativity theory. 

Classify (if possible) all critical points of the corresponding 

plane autonomous system. 

When a nonlinear capacitor is present in an LRC-series circuit, 

the voltage drop is no longer given by g/C but is more accu- 

rately described by aq + Bq°, where a and f are constants 
and a > 0. Differential equation (34) of Section 3.8 for the 
free circuit is then replaced by 
d? d 
Loa +R tag + Ba =0. 

Find and classify all critical points of this nonlinear differential 

equation. [Hint: Divide into the two cases B > 0 and B < 0.] 

The nonlinear second-order differential equation 


mx" + kx + kx = 0, 


for k > 0, represents a general model for the free, undamped 
oscillations of a mass m attached to a spring. If k, > 0, the 
spring is called hard (see Example 1 in Section 3.11). 
Determine the nature of the solutions to x” + x + x° = Oina 
neighborhood of (0, 0). 
The nonlinear differential equation 
2 
a + sind = ; 

can be interpreted as a model for a certain pendulum with a 
constant driving function. 
(a) Show that (77/6, 0) and (57/6, 0) are critical points of the 

corresponding plane autonomous system. 
(b) Classify the critical point (577/6, 0) using linearization. 
(c) Use the phase-plane method to classify the critical point 

(77/6, 0). 
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40. (a) Show that (0, 0) is an isolated critical point of the plane 
autonomous system 


a a 2xy 


y' =2xy—y 


but that linearization gives no useful information about 
the nature of this critical point. 

(b) Use the phase-plane method to show that x° + y? = 3cxy. 
This classic curve is called a folium of Descartes. 


FIGURE 11.4.1 (0, 0) is stable; (zr, 0) 


is unstable 
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os 
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ra 


(b) 


(c) 


Parametric equations for a folium are 


3ct 3ct? 
x= a i a 
1+t l+t 


y 


[Hint: The differential equation in x and y is homogeneous. ] 
Use a graphing utility or a numerical solver to obtain 
solution curves. Based on your phase portrait, would you 
classify the critical point as stable or unstable? Would 
you classify the critical point as a node, saddle point, 
center, or spiral point? Explain. 


14] Autonomous Systems as Mathematical Models 


INTRODUCTION Many applications from physics give rise to nonlinear autonomous 
second-order differential equations—that is, DEs of the form x” = g(x, x’). For example, in the 
analysis of free, damped motion of a spring/mass system in Section 3.8 we assumed that the damp- 
ing force was proportional to the velocity x’ and the resulting model mx" = —Bx' — kx is a linear 
differential equation. But if the magnitude of the damping force is proportional to the square of the 
velocity, the new differential equation mx” = — Bx’ |x'| — kx is nonlinear. The corresponding plane 


autonomous system is nonlinear: 


i 


y 


avs 


Se ye 


In this section we will also analyze the nonlinear pendulum, motion of a bead on a curve, the 
Lotka—Volterra predator—prey models, and the Lotka—Volterra competition model. Additional 
models are presented in these exercises. 


Il Nonlinear Pendulum In (6) of Section 3.11 we showed that the displacement angle 0 
for a simple pendulum satisfies the nonlinear second-order differential equation 


d’0 


“FP | eae = 0. 


dt’ oil 


When we let x = 6 and y = 6’, this second-order differential equation may be rewritten as the 


dynamical system 


x = y 


t 


5 es 
yi = —7 sin x. 


6 =0, @'=0 The critical points are (+k7r, 0), and the Jacobian matrix is easily shown to be 
-@O~ 0 1 
< % '(£k = : 
S| ON CMON zouk 
l 
0 =n, 0'=0 


If k = 2n + 1, A <0, and so all critical points (+(2n + 1)7, 0) are saddle points. In particular, 
the critical point at (77, 0) is unstable as expected. See FIGURE 11.4.1. When k = 2n, the eigenval- 


ues are pure imaginary, and so the nature of these critical points remains in doubt. Since we have 
assumed that there are no damping forces acting on the pendulum, we expect that all the critical 
points (+2nzr, 0) are centers. This can be verified using the phase-plane method. From 
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dy 


dy/dt g sinx 


dx 


dx/dt ly 


FIGURE 11.4.2 Phase portrait of nonlinear 
pendulum 


FIGURE 11.4.3 Forces acting on sliding 
bead 


2 _ 28 
it follows that y= | 08x 6: 


If X(O) = (%, 0), then y’ = “ (COs X — COS Xo). 

Note that y = 0 when x = —Xp, and that (2g/I)(cos x — cos xX») > O for lel < xl < 7. Thus each 
such x has two corresponding values of y, and so the solution X = X(f) that satisfies X(O) = (x, 0) 
is periodic. We may conclude that (0, 0) is a center. Observe that x = @ increases for solutions, 
such as the one drawn in red in FIGURE 11.4.2, that correspond to large initial velocities. In this 
case the pendulum spins in complete circles about its pivot. 


| EXAMPLE1 | Periodic Solutions of the Pendulum DE 


A pendulum in an equilibrium position with 6 = 0 is given an initial angular velocity of 
@p rad/s. Determine under what conditions the resulting motion is periodic. 


SOLUTION Weare asked to examine the solution of the plane autonomous system that satis- 
fies X(O) = (0, wp). From y? = (2g/l) cos x + c it follows that 


2. l 
y= 7E( cos =e ui) 
l 2g 


To establish that the solution X(t) is periodic it is sufficient to show that there are two 
x-intercepts x = +x) between —7 and 7 and that the right-hand side is positive for lxl < lol. 
Each such x then has two corresponding values of y. 

If y = 0, cos x = 1 — (//2g)a}, and this equation has two solutions x = +x) between —7 
and 77, provided 1 — (/2g) w5 > —1. Note that (2g/l)(cos x — cos Xo) is then positive for 
lxl < lxpl. This restriction on the initial angular velocity can be written as 


|Wo| < 2/8 = 


I| Nonlinear Oscillations: The Sliding Bead Suppose, as shown in FIGURE 11.4.3, a 
bead with mass m slides along a thin wire whose shape is described by the function z = f(x). A 
wide variety of nonlinear oscillations can be obtained by changing the shape of the wire and by 
making different assumptions about the forces acting on the bead. 

The tangential force F due to the weight W = mg has magnitude mg sin 9, and therefore the 


x-component of F is F, = —mg sin 0 cos 9. Since tan 6 = f'(x), we can use the identities 
1 + tan? 6 = sec” 6 and sin* 6 = 1 — cos’ 6 to conclude that 
"(x 
F,. = —mg sin 0 cos 6 = fF 


"e+ FOP 


We assume (as in Section 3.8) that a damping force D, acting in the direction opposite to the 
motion, is a constant multiple of the velocity of the bead. The x-component of D is therefore 


If we ignore the frictional force between the wire and the bead and assume that no other external 
forces are impressed on the system, it follows from Newton’s second law that 


mx" = —mg fe) — Bx’, 
1+ [f'@P 
and the corresponding plane autonomous system is 
x =y 
—_ f'@) B 
Steer oe 
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FIGURE 11.4.4 —7/2 and 377/2 are stable 
in Example 2 


FIGURE 11.4.6 6 = 0 in Example 2 


If X, = (4, y)) is a critical point of the system, y, = 0 and therefore f’(x,;) = 0. The bead must 
therefore be at rest at a point on the wire where the tangent line is horizontal. When fis twice 
differentiable, the Jacobian matrix at X, is 


“X) ( 0 1 ) 
£ = wn" ? 
"N= gf"Gn) —B/m 
and sot = —B/m, A= gf"(x,), and 7? — 4A = B?/m? — 4gf"(x,). Using the results of Section 11.3, 
we can make the following conclusions: 


@  f"G) <0: 
A relative maximum therefore occurs at x = x,, and since A < 0, an unstable saddle point 
occurs at X, = (x), 0). 

(ii) f"(x,;) > Oand B> 0: 
A relative minimum therefore occurs at x = x,, and since 7 < 0 and A > 0, X, = (4, 0) isa 
stable critical point. If B’ > 4gm°f"(x,), the system is overdamped and the critical point is a 
stable node. If B’ < 4gm*f"(x,), the system is underdamped and the critical point is a stable 
spiral point. The exact nature of the stable critical point is still in doubt if 6? = 4gm?f"(x,). 


(iii) f"(x,) > 0 and the system is undamped (6 = 0): 
In this case the eigenvalues are pure imaginary, but the phase-plane method can be used to 


show that the critical point is a center. Therefore solutions with X(0) = (x(0), x’(0)) near 
X, = (x, 0) are periodic. 


| EXAMPLE2 | Bead Sliding Along a Sine Wave 


A 10-gram bead slides along the graph of z = sin x. According to conclusion (ii), the relative 
minima at x, = —7/2 and 377/2 give rise to stable critical points. See FIGURE 11.4.4. Since 
f'(-m12) = f"(37/2) = 1, the system will be underdamped provided B* < 4gm’. If we use 
SI units, m = 0.01 kg and g = 9.8 m/s’, and so the condition for an underdamped system 
becomes B* < 3.92 X 107°. 

If 8 = 0.01 is the damping constant, both of these critical points are stable spiral points. 
The two solutions corresponding to initial conditions X(0) = (x(0), x’(0)) = (—2z,, 10) and 
X(0) = (—277, 15), respectively, were obtained from a numerical solver and are shown in 
FIGURE 11.4.5. When x'(0) = 10, the bead has enough momentum to make it over the hill at 
x = —377/2 but not over the hill at x = 77/2. The bead then approaches the relative minimum 
based at x = —77/2. If x'(0) = 15, the bead has the momentum to make it over both hills, but 
then it rocks back and forth in the valley based at x = 37r/2 and approaches the point (3727/2, — 1) 
on the wire. Experiment with other initial conditions using your numerical solver. 

FIGURE 11.4.6 shows a collection of solution curves obtained from a numerical solver for 
the undamped case. Since 6 = 0, the critical points corresponding to x; = —7/2 and 3727/2 
are now centers. When X(0) = (—27, 10), the bead has sufficient momentum to move over 
all hills. The figure also indicates that when the bead is released from rest at a position on the 


wire between x = —37/2 and x = 77/2, the resulting motion is periodic. = 


[| Lotka-Volterra Predator—Prey Model A predator-prey interaction between two 
species occurs when one species (the predator) feeds on a second species (the prey). For example, 
the snowy owl feeds almost exclusively on a common arctic rodent called a lemming, while a 
lemming uses arctic tundra plants as its food supply. Interest in using mathematics to help explain 
predator—prey interactions has been stimulated by the observation of population cycles in many 
arctic mammals. In the MacKenzie River district of Canada, for example, the principal prey of 
the lynx is the snowshoe hare, and both populations cycle with a period of about 10 years. 
There are many predator—prey models that lead to plane autonomous systems with at least 
one periodic solution. The first such model was constructed independently by pioneer biomath- 
ematicians Alfred Lotka (1880-1949) and Vito Volterra (1860-1940). If x denotes the number 
of predators and y denotes the number of prey, then the Lotka—Volterra model takes the form 


x’ = —ax + bxy = x(—a + by) 
y' = —exy + dy = y(—ex + d), 


where a, b, c, and d are positive constants. 
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predators 


FIGURE 11.4.7 Solutions near (0, 0) 


Note that in the absence of predators (x = 0), y’ = dy, and so the number of prey grows ex- 
ponentially. In the absence of prey, x’ = —ax, and so the predator population becomes extinct. 
The term —cxy represents the death rate due to predation. The model therefore assumes that this 
death rate is directly proportional to the number of possible encounters xy between predator and 
prey at a particular time ft, and the term bxy represents the resulting positive contribution to the 
predator population. 

The critical points of this plane autonomous system are (0, 0) and (d/c, a/b), and the corre- 
sponding Jacobian matrices are 


0 ea) 


- 0 
A= et(0.0y = ("9 fh) and As = wae. a/b9 = on 0 


0 d 
The critical point at (0, 0) is a saddle point, and FIGURE 11.4.7 shows a typical profile of solu- 
tions that are in the first quadrant and near (0, 0). 
Since the matrix A, has pure imaginary eigenvalues A = + adi, the critical point (d/c, a/b) 
may be a center. This possibility can be investigated using the phase-plane method. Since 


dy — y(~cx + d) 
dx  x(-a+t byy 


we may separate variables and obtain 


—a + by -cx +d 
dy dx 
y x 


so that 
-alnyt+by=-cxt+diInx+c, or (x4e)(y*e"”) = ep. 


The following argument establishes that all solution curves that originate in the first quadrant are 
periodic. 

Typical graphs of the nonnegative functions F(x) = x“e~® and G(y) = y“e~”” are shown in 
FIGURE 11.4.8. It is not hard to show that F(x) has an absolute maximum at x = d/c, whereas G(y) 
has an absolute maximum at y = a/b. Note that, with the exception of 0 and the absolute maxi- 
mum, F and G each take on all values in their range precisely twice. 


F G 


dc XQ JI a/b y2 
(a) Graph of F(x) (b) Graph of G(y) 


FIGURE 11.4.8 Graphs of F and G help to establish properties 1-3 


These graphs can be used to establish the following properties of a solution curve that origi- 
nates at a noncritical point (%, yo) in the first quadrant. 


1. If y = a/b, the equation F(x)G(y) = co has exactly two solutions x,, and x, that satisfy 
Xm < dle < xy. 

2. If x, <x, < xy and x = x,, then F(x)G(y) = cp has exactly two solutions y, and y, that 
satisfy y, < alb < yp. 

3. If x is outside the interval [x,,, x], then F(x)G(y) = co has no solutions. 


We will give the demonstration of 1. and outline parts 2. and 3. in the exercises. Since 
(Xo, Yo) # (dic, alb), F(x)G(y0) < F(d/c)G(a/b). If y = a/b, then 
re ae F(X9)G() 2 F(d/c)G(a/b) 
G(a/b) G(a/b) G(a/b) 


= F(d/c). 
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FIGURE 11.4.9 Periodic solution of 
Lotka—Volterra model 
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FIGURE 11.4.10 Phase portrait of 
Lotka—Volterra model in Example 3 
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(a) O20) <1 
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FIGURE 11.4.11 Two conditions when 
critical point is in first quadrant 


Therefore F(x) = co/G(a/b) has precisely two solutions x,, and x, that satisfy x,, < d/c < xy. The 
graph of a typical periodic solution is shown in FIGURE 11.4.9. 


| EXAMPLE3 | Predator—Prey Population Cycles 


If we let a = 0.1, b = 0.002, c = 0.0025, and d = 0.2 in the Lotka—Volterra predator-prey 
model, the critical point in the first quadrant is (d/c, a/b) = (80, 50), and we know that this 
critical point is a center. See FIGURE 11.4.10 in which we have used a numerical solver to gen- 
erate these cycles. The closer the initial condition Xp is to (80, 50), the more the periodic 
solutions resemble the elliptical solutions to the corresponding linear system. The eigenvalues 
of g’((80, 50)) are A = +V adi = +(\/2/10)i, and so the solutions near the critical point have 
period p ~ 10°27, or about 44.4. = 


]| Lotka-Volterra Competition Model A competitive interaction occurs when two or 
more species compete for the food, water, light, and space resources of an ecosystem. The use of one 
of these resources by one population therefore inhibits the ability of another population to survive and 
grow. Under what conditions can two competing species coexist? A number of mathematical models 
have been constructed that offer insights into conditions that permit coexistence. If x denotes the num- 
ber in species I and y denotes the number in species II, then the Lotka—Volterra model takes the form 
Fe td 

i K, x(K, — x — ay) 
(1) 

y= radu — Y — Qy)X). 

Note that in the absence of species I (y = 0), x’ = (7,/K,)x(K, — x), and so the first popula- 
tion grows logistically and approaches the steady-state population K, (see Section 2.8 and 
Example 4 in Section 11.3). A similar statement holds for species II growing in the absence of 
species I. The term —a,xy in the second equation stems from the competitive effect of species I 
on species II. The model therefore assumes that this rate of inhibition is directly proportional 
to the number of possible competitive pairs xy at a particular time f. 

This plane autonomous system has critical points at (0, 0), (K,, 0), and (0, K3). When aj,a, # 0, 
the lines K; — x — ayy = 0 and K, — y — a,x = 0 intersect to produce a fourth critical point 
X = (x, 5). FIGURE 11.4.11 shows the two conditions under which (%, 3) is in the first quadrant. 

The trace and determinant of the Jacobian matrix at (X, }) are, respectively, 


rirg 


a 79, Doe 
T= -x¥—-—y— and A =(1 -—apa,)xy —— 
y : ( 12091) "KK 


In case (a), K,/a,. > K, and K,/a, > K,. It follows that aj,,a,, < 1,7 <0, and A > 0. Since 


P— 4A = («7 + pn) + Aaya, — x52 
K, 7K 1209] KK, 
(: r| x “2 ARs ne 44 aa Tilo 
= || x a — 4x Ql 9A) XV > 
K, ae ” KK 12@9] ” KK 
a Y TD ; an Til 
=(x—-y—] + 4a~a,,xy ——, 
( K, 52) 120] ae 


. — 4A > 0, and so (x, y) i is a stable node. Therefore if X(O) = Xp is sufficiently close to 

= (x, y), lim,,,, X() = xX, and we may conclude that coexistence is possible. The demonstra- 
tion that case (b) leads to a saddle point and the investigation of the nature of critical points at 
(0, 0), (Kj, 0), and (0, K>) are left to the exercises. 

When the competitive interactions between two species are weak, both of the coefficients a, 
and @, will be small, and so the conditions K,/a,, > K, and K,/a,, > K, may be satisfied. This 
might occur when there is a small overlap in the ranges of two predator species that hunt for a 
common prey. 
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| EXAMPLE4 | A Lotka—Volterra Competition Model 


A competitive interaction is described by the Lotka—Volterra competition model 


x’ = 0.004x(50 — x — 0.75y) 
y’ = 0.001y(100 — y — 3.0x). 


Find and classify all critical points of the system. 


SOLUTION Critical points occur at (0, 0), (50, 0), (0, 100), and at the solution (20, 40) of the 


system 


x + 0.75y = 50 
3.0x + y = 100. 


Since @),@, = 2.25 > 1, we have case (b) in Figure 11.4.11, and so the critical point at (20, 40) 
is a saddle point. The Jacobian matrix is 


g'(X) = ( 


and we obtain 


0.2 
A, = g((0, 0)) = ( 


A; = g'((20, 40)) = ( 


0.2 — 0.008 — 0.003y ~0.003x ) 
~0.003y 0.1 — 0.002y — 0.003x/’ 
0 2G. 15 
A, = ' 5 = 
a 2 = g'((50, 0)) ( 0 ae 
0.08 —0.12 01 0 
A, = 2'((0, 100)) = 
~0.06 on) 4 = 8 (0, 100)) . os 


Therefore (0, 0) is an unstable node, whereas both (50, 0) and (0, 100) are stable nodes. (Check 
this!) Since det A, < 0, we have a second demonstration that (20, 40) is a saddle point. = 


Coexistence can also occur in the Lotka—Volterra competition model if there is at least one 
periodic solution lying entirely in the first quadrant. It is possible to show, however, that this 
model has no periodic solutions. 


| 11.4 | Exercises Answers to selected odd-numbered problems begin on page ANS-28. 


The Nonlinear Pendulum 


1. A pendulum is released at 6 = 77/3 and is given an initial 
angular velocity of wy rad/s. Determine under what conditions 
the resulting motion is periodic. 

2. (a) Ifa pendulum is released from rest at 9 = 6, show that 

the angular velocity is again 0 when 0 = —6). 

(b) The period 7 of the pendulum is the amount of time 
needed for 6 to change from 0) to —@, and back to 6p. 
Show that 


dé. 


(Pia 1 
T= 
& ie V cos@ — cos 
The Sliding Bead 


3. A bead with mass m slides along a thin wire whose shape is 
described by the function z = f(x). If X,; = (x), y,) is a critical 
point of the plane autonomous system associated with the 
sliding bead, verify that the Jacobian matrix at X, is 


x) = ( 0 1 ) 
ee —ef"(x,) —B/m/ 


4. A bead with mass m slides along a thin wire whose shape is 
described by the function z = f(x). When f'(x,) = 0, f’(x,) > 0, 
and the system is undamped, the critical point X, = (x), 0) is 
a center. Estimate the period of the bead when x(0) is near 
x, and x'(0) = 0. 

5. A bead is released from the position x(0) = x, on the curve 
z = 4x° with initial velocity x'(0) = vp cm/s. 

(a) Use the phase-plane method to show that the resulting 
solution is periodic when the system is undamped. 

(b) Show that the maximum height z,,,, to which the bead 
rises is given by 


1. 2 
Zmax = 5 Leal + xg) = 1]. 
6. Rework Problem 5 with z = cosh x. 


Interaction Models 


7. Refer to Figure 11.4.9. If x,, <x; <x, and x = x,, show that 
F(x)G(y) = cp has exactly two solutions y, and y, that satisfy 
y, <alb < yp. [Hint: First show that G(y) = co/F(x,) < G(a/b).] 
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9. 


From |. and 3. on page 655, conclude that the maximum 
number of predators occurs when y = a/b. 

In many fishery science models the rate at which a species 
is caught is assumed to be directly proportional to its 
abundance. If both predator and prey are being exploited in 
this manner, the Lotka—Volterra differential equations take 
the form 


x’ 


—ax + bxy — e\x 

y' = —exy + dy — eny, 

where €, and €, are positive constants. 

(a) When &€, < d, show that there is a new critical point in 
the first quadrant that is a center. 

(b) Volterra’s principle states that a moderate amount of 
exploitation increases the average number of prey and 
decreases the average number of predators. Is this fisher- 
ies model consistent with Volterra’s principle? 


. A predator—prey interaction is described by the Lotka—Volterra 


model 


x’ = —0.1x + 0.02xy 
y’ = 0.2y — 0.025xy. 


(a) Find the critical point in the first quadrant, and use a 
numerical solver to sketch some population cycles. 

(b) Estimate the period of the periodic solutions that are close 
to the critical point in part (a). 


. A competitive interaction is described by the Lotka—Volterra 


competition model 


x! = 0.08x(20 — 0.4x — 0.3y) 
y’ = 0.06y(10 — 0.1y — 0.3x). 


Find and classify all critical points of the system. 


. In (1) show that (0, 0) is always an unstable node. 
. In (1) show that (K;, 0) is a stable node when K, > K,/a,, and 


a saddle point when K, < K,/a,. 


. Use Problems 12 and 13 to establish that (0, 0), (Ky, 0), and 


(0, K>) are unstable when X= (x, ¥) is a stable node. 


. In (1) show that X= (X, ¥) is a saddle point when 


K, K, 
—< kK, and 
Q12 OX) 


2, 


Miscellaneous Nonlinear Models 


16. 


If we assume that a damping force acts in a direction opposite 
to the motion of a pendulum and with a magnitude directly 
proportional to the angular velocity d6/dt, the displacement 
angle 6 for the pendulum satisfies the nonlinear second-order 
differential equation 


d’o 


7] 
| — 
dt? 


a0 
dt 


m = —mg sind — B 

(a) Write the second-order differential equation as a plane 
autonomous system, and find all critical points. 

(b) Find a condition on m, /, and B that will make (0, 0) a 
stable spiral point. 
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In the analysis of free, damped motion in Section 3.8 we as- 
sumed that the damping force was proportional to the 
velocity x’. Frequently the magnitude of this damping force is 
proportional to the square of the velocity, and the new 
differential equation becomes 


x" = ——x'Ix'| — —x. 
m m 


(a) Write the second-order differential equation as a plane 
autonomous system, and find all critical points. 

(b) The system is called overdamped when (0, 0) is a stable 
node and is called underdamped when (0, 0) is a stable 
spiral point. Physical considerations suggest that (0, 0) 
must be an asymptotically stable critical point. Show that 
the system is necessarily underdamped. [Hint: 


d/dy (ylyl) = 2lyl.J 


. A bead with mass m slides along a thin wire whose shape 


may be described by the function z = f(x). Small stretches 

of the wire act like an inclined plane, and in mechanics it is 

assumed that the magnitude of the frictional force between 

the bead and wire is directly proportional to mg cos 0. See 

Figure 11.4.3. 

(a) Explain why the new differential equation for the 
x-coordinate of the bead is 


; p= F'@) B, 
—_ p. 


ST + [POP om 


for some positive constant yu. 

(b) Investigate the critical points of the corresponding plane 
autonomous system. Under what conditions is a critical 
point a saddle point? A stable spiral point? 


. An undamped oscillation satisfies a nonlinear second-order 


differential equation of the form x" + f(x) = 0, where f(0) = 0 
and xf(x) > 0 for x # 0 and —d <x <d. Use the phase-plane 
method to investigate whether it is possible for the critical 
point (0, 0) to bea stable spiral point. [Hint: Let F(x) = J},f(w) du, 
and show that y* + 2F(x) = c.] 

The Lotka—Volterra predator-prey model assumes that, in the 
absence of predators, the number of prey grows exponentially. 
If we make the alternative assumption that the prey population 
grows logistically, the new system is 


t 


x’ = —ax + bxy 


I 


: 
= + K ; 
y ao ae: y( y) 


where a, b, c, r, and K are positive and K > a/b. 
(a) Show that the system has critical points at (0, 0), (0, K), 


and (%, $), where $ = a/b and c¢ = vals ~ 5), 
(b) Show that the critical points at (0, 0) and (0, K) are saddle 


points, whereas the critical point at (X, )) is either a sta- 
ble node or a stable spiral point. 

AbK* 
r+ 4bK’ 
Explain why this case will occur when the carrying capacity 
K of the prey is large. 


(c) Show that (%, }) is a stable spiral point if } < 


21. The nonlinear system 


of nutrients, and a > | and B > 0 are constants that can be 
adjusted by the experimenter. Find conditions on a and B 


x’ =a i : LAD that ensure that the system has a single critical point (x, 3) in 
y the first quadrant, and investigate the stability of this critical 
; y point. 
ae x-y+B i i 
lt+y 22. Use the methods of this chapter together with a numerical 


arises in a model for the growth of microorganisms in a 
chemostat, a simple laboratory device in which a nutrient 
from a supply source flows into a growth chamber. In the 
system, x denotes the concentration of the microorgan- 
isms in the growth chamber, y denotes the concentration 


solver to investigate stability in the nonlinear spring/mass 
system modeled by 


x + 8x-6r +x =0. 


See Problem 8 in Exercises 3.11. 


FIGURE 11.5.1 For any X, in R, does X 
approach X, as t > oo? 
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INTRODUCTION In this section we will investigate the existence of periodic solutions of 
nonlinear plane autonomous systems and introduce special periodic solutions called limit cycles. 
We saw in Sections 11.3 and 11.4 that an analysis of critical points using linearization can 
provide valuable information on the behavior of solutions near critical points and insight into a 
variety of biological and physical phenomena. There are, however, some inherent limitations to 
this approach. When the eigenvalues of the Jacobian matrix are pure imaginary, we cannot conclude 
that there are periodic solutions near the critical point. In some cases we were able to solve 
dyldx = Q(x, y)/P(x, y), obtain an implicit representation f(x, y) = c of the solution curves, and 
investigate whether any of these solutions formed closed curves. More often than not, this differential 
equation will not possess closed-form solutions. For example, the Lotka—Volterra competition 
model cannot be handled by this procedure. The first goal of this section 1s to determine conditions 
under which we can either exclude the possibility of periodic solutions or assert their existence. 

We encountered an additional problem in studying the models in Section 11.3. FIGURE 11.5.1 
illustrates the common situation in which a region R contains a single asymptotically stable criti- 
cal point X,. We can assert that lim,_,,, X(f) = X, when the initial position X(O) = Xq is “near” 
X,, but under what conditions is lim,_,,, X(f) = X, for all initial positions in R? Such a critical 
point is called globally stable in R. A second goal is to determine conditions under which an 
asymptotically stable critical point is globally stable. 

In motivating and discussing the methods in this section, we will use the fact that the vector 
field V(x, y) = (P(x, y), Q(x, y)) can be interpreted as defining a fluid flow in a region of the 
plane, and a solution to the autonomous system may be interpreted as the resulting path of a 
particle as it moves through the region. 


Hi Negative Criteria A number of results can sometimes be used to establish that there are 
no periodic solutions in a given region R of the plane. We will assume that P(x, y) and Q(x, y) have 
continuous first partial derivatives in R and that R is simply connected. Recall that in a simply con- 
nected region, any simple closed curve C in R encloses only points in R. Therefore, if there is a 
periodic solution X = X(f) in R, then R will contain all points in the interior of the resulting curve. 


Theorem 11.5.1 Cycles and Critical Points 


If a plane autonomous system has a periodic solution X = X(f) in a simply connected region 
R, then the system has at least one critical point inside the corresponding simple closed curve 
C. If there is a single critical point inside C, then that critical point cannot be a saddle point. 


Corollary to Theorem 11.5.1 


If a simply connected region R either contains no critical points of a plane autonomous system 
or contains a single saddle point, then there are no periodic solutions in R. 
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| EXAMPLE1 | No Periodic Solutions 


Show that the plane autonomous system 


has no periodic solutions. 


SOLUTION If (x, y) is a critical point, then, from the first equation, either x = 0 or y = 0. If 
x = 0, then —1 — y? = Oory’ = —1. Likewise, y = 0 implies x7 = —1. Therefore, this plane 
autonomous system has no critical points, and by the corollary possesses no periodic solutions 


in the plane. = 


| EXAMPLE2 | Lotka—Volterra Competition Model 


Show that the Lotka—Volterra competition model 


x’ = 0.004x(50 — x — 0.75y) 
y’ = 0.001y(100 — y — 3.0x) 


has no periodic solutions in the first quadrant. 


SOLUTION In Example 4 in Section 11.4 we showed that this system has critical points at 
(0, 0), (50, 0), (0, 100), and (20, 40), and that (20, 40) is a saddle point. Since only (20, 40) lies 
in the first quadrant, by the corollary there are no periodic solutions in the first quadrant. = 


Another sometimes useful result can be formulated in terms of the divergence of the vector 
field V(x, y) = (P@, y), OG, y)): 


Theorem 11.5.2. Bendixson Negative Criterion 


If div V = 0P/dx + 0Q/dy does not change sign in a simply connected region R, then the plane 
autonomous system has no periodic solutions in R. 


PROOF: Suppose, to the contrary, that there is a periodic solution X = X(f) lying in R, and let C 
be the resulting simple closed curve and R, the region bounded by C. Green’s theorem states that 


dN 0M 
| aes y)dx + N(x, y) dy = \| (2 = ) dx dy 


Cc 


whenever M(x, y) and M(x, y) have continuous first partials in R. If we let VN = P and M = —Q, 


we obtain 
| ees 
— Q(x, y)dx + P(x, y)dy = — — —] dx dy. 
ce Ox dy 


R 


Since X = X(f) is a solution with period p, we have x'(t) = P(x(t), y(d) and y(t) = Q(x(1), y(t), 
and so 
P 


| — Q(x, y) dx + P(x, y) dy = | [—OQ(), yO) x'O + PA, yO) yO] dt 
Cc 


0 


Z 
= | [—OP + PQ] dt =0. 
0 


Since div V = dP/dx + dQ/dy is continuous and does not change sign in R, it follows that either 
div V= 0in Ror div V = OinR, and so 


\\(< + *2) dx dy # 0. 
Ox oy 


R 


This contradiction establishes that there are no periodic solutions in R. 
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| EXAMPLE3 | Bendixson Negative Criterion 


Investigate possible periodic solutions of each system. 
(a) x’ =x+2y+4e-y (b) x’ =y+x(2 — x — y’) 
y = -x+2y+yr?+y y' = -x+ y(2-—x-y’) 
SOLUTION (a) We have div V =dP/ax + dQ/dy = 1+ 12x° +24 x + 3y’ = 3, and so 
there are no periodic solutions in the plane. 


(b) For this system div V = (2 — 3x” — y’) + (2—° — 3y’) =4 — 4(° + y”). Therefore, if R 
is the interior of the circle x7 + y* = 1, div V > 0, and so there are no periodic solutions inside 
this disk. Note that div V < 0 on the exterior of the circle. If R is any simply connected subset 
of the exterior, then there are no periodic solutions in R. It follows that if there is a periodic 
solution in the exterior, it must enclose the circle x7 + y = |. In fact, the reader can verify that 
X(t) = (V2 sint, V2 cos fis a periodic solution that generates the circle e+ y = 2, = 


| EXAMPLE4 | Sliding Bead and Periodic Solutions 


The sliding bead discussed in Section 11.4 satisfies the differential equation 


es ee 
er + wr 


Bx’. 


Show that there are no periodic solutions. 


SOLUTION The corresponding plane autonomous system is 


x’ =y 
yi =p f@) __ By 
1+[f@]? om 
aP . aQ B 
and so div V = i =P ; = < 0. By Theorem 11.5.2 we conclude the system has no 
x ry m 


periodic solutions. = 


The following theorem is a generalization of the Bendixson negative criterion, which leaves 
it to the reader to construct an appropriate function d(x, y). 


Theorem 11.5.3 Dulac Negative Criterion 


, BE re ten a(6P)  a(8Q) 

If (x, y) has continuous first partial derivatives in a simply connected region R and 5 ar ce 
x y 

does not change sign in R, then the plane autonomous system has no periodic solutions in R. 


There are no general techniques for constructing an appropriate function 5(x, y). Instead, 
we experiment with simple functions of the form ax” + by’, e“*”’, x“y’, and so on, and try to 
determine constants for which 0(6P)/dx + 0(6Q)/dy is nonzero in a given region. 


| EXAMPLES | Dulac Negative Criterion 


Show that the second-order nonlinear differential equation 


x =VP4+(0'P-—x-x' 
has no periodic solutions. 
SOLUTION The corresponding plane autonomous system is 
x =y 


y=Hr?+y—-x-y. 


11.5 Periodic Solutions, Limit Cycles, and Global Stability | 661 


(b) Type II invariant region 


FIGURE 11.5.2 Two types of invariant 


regions 
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(a) Type I invariant region 


If we let 5(x, y) = e***”’, then 


pF), OO). _ 
Ox oy 


ey (ay + 2y _ 1) + ec PY? + y’ —-x- y). 


If we set a = —2 and b = 0, then 0(SP)/dx + d(SQ)/dy = —e“*””, which is always negative. 
Therefore, by the Dulac negative criterion, the second-order differential equation has no 


periodic solutions. = 


| EXAMPLE6 | Dulac Negative Criterion 


Use 6(x, y) = 1/(xy) to show that the Lotka—Volterra competition equations 


r| 
Pwo K, - _ 
x K, x(K, x ayy) 


i 


= 2K. ) 
y Ky a7 Y Ay |x 


have no periodic solutions in the first quadrant. 


SOLUTION If 8(x, y) = 1/Gy), then 


K K. 
sp= TRL _2_ g,, a 10 = 2/%_2_a,| 


KilLy  y Ke 2 
0(6P ad 1 1 
and so ( 4 CO (_1) 4 2(_ ‘i 
Ox oy K, y K, Xx 


For (x, y) in the first quadrant, the latter expression is always negative. Therefore, there are 


no periodic solutions. = 


[| Positive Criteria: Poincaré—Bendixson Theory The Poincaré—Bendixson theorem 
is an advanced result that describes the long-range behavior of a bounded solution to a plane 
autonomous system. Rather than present the result in its full generality, we will concentrate on 
a number of special cases that occur frequently in applications. One of these cases will lead to a 
new type of periodic solution called a limit cycle. 


Definition 11.5.1 Invariant Region 


A region R is called an invariant region for a plane autonomous system if, whenever Xo is 
in R, the solution X = X(f) satisfying X(0) = X, remains in R. 


FIGURE 11.5.2 shows two standard types of invariant regions. A Type I invariant region R is 
bounded by a simple closed curve C, and the flow at the boundary defined by the vector field 
V(x, y) = (PQ, y), Q(x, y)) is always directed into the region. This prevents a particle from cross- 
ing the boundary. A Type II invariant region is an annular region bounded by simple closed 
curves C, and C;, and the flow at the boundary is again directed toward the interior of R. The 
following theorem provides a method for verifying that a given region is invariant. 


Theorem 11.5.4 Normal Vectors and Invariant Regions 


If n(x, y) denotes a normal vector on the boundary that points inside the region, then R will 
be an invariant region for the plane autonomous system provided V(x, y) - n(x, y) = 0 for all 
points (x, y) on the boundary. 


PROOF: If 6 is the angle between V(x, y) and n(x, y), then from V - n = |[V|| ||n|| cos 6, we may 
conclude that cos 0 = 0 and so 0 is between 0° and 90°. The flow is therefore directed into the region 
(or at worst along the boundary) for any boundary point (x, y). This prevents a solution that starts in 


R from leaving R. Therefore, R is an invariant region for the plane autonomous system. = 
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FIGURE 11.5.3 Vector field for Van der 
Pol’s equation in Example 9 


The problem of finding an invariant region for a given nonlinear system is an extremely difficult 
one. An excellent first step is to use software that plots the vector field V(x, y) = (P(x, y), O(@, y)) 
together with the curves P(x, y) = 0 (along which the vectors are vertical) and Q(x, y) = 0 (along 
which the vectors are horizontal). This can lead to choices for R. In the following examples, we 
will construct invariant regions bounded by lines and circles. In more complicated cases, we will 
be content to offer empirical evidence that an invariant region exists. 


| EXAMPLE7 | Circular Invariant Region 


Find a circular region with center at (0, 0) that serves as an invariant region for the plane 
autonomous system 


SOLUTION For the circle x” + y* = 7’, n = (—2x, —2y) is anormal vector that points toward 
the interior of the circle. Since 


V-n=(-y—2°,x— yy’): (—2x, —2y) = 207 + y’), 


we may conclude that V - n = 0 on the circle x” + y* = 7°. Therefore, by Theorem 11.5.4 
the circular region defined by x* + y* < r’ serves as an invariant region for the system for 
any r>0. = 


| EXAMPLES | 8 Annular Invariant Region 


Find an annular region bounded by circles that serves as an invariant region for the plane 
autonomous system 


x =x-y-SxP?+y)+x 
yoxty—Sy@ty)t+y. 
SOLUTION As in Example 7, the normal vector n, = (—2x, —2y) points inside the circle 


x° + y* = 7’, while the normal vector n, = —n, is directed toward the exterior. Computing 
V -n, and simplifying, we obtain 


V-n= —2(r? — 5r° + xo + $), 


Note that 7° — 5r* = r°(1 — 5r’) takes on both positive and negative values. 


Ifr = 1, V-n, = 8 — 2(x° + y®°) = 0, since the maximum value of x° + y° on the circle 
x’ + y? = Lis 1. The flow is therefore directed toward the interior of the circular region 
xrt+y = 1. 

Ifr= 7, V-n, = -2(r — 5r*) <0, and sO Vv: = = —V-n, > 0. The flow is therefore 


directed toward the exterior of the circle x* + y* = 7g, and so the annular region R defined by 


ig =x° + y? <= 1 is an invariant region for the system. 


| EXAMPLES | The Van der Pol Equation 


The Van der Pol equation is a nonlinear second-order differential equation that arises in 
electronics, and as a plane autonomous system it takes the form 


x =y 

y = par = Dye 
FIGURE 11.5.3 shows the corresponding vector field for u = 1, together with the curves y = 0 
and (x? — 1)y = —x along which the vectors are vertical and horizontal, respectively. (For 
convenience we have sketched the normalized vector field V/||V]|.) It is not possible to find a 
simple invariant region whose boundary consists of lines or circles. The figure does offer 
empirical evidence that an invariant region R, with (0, 0) in its interior, does exist. Advanced 
methods are required to demonstrate this mathematically.” 


*See M. Hirsch and S. Smale, Differential Equations, Dynamical Systems, and Linear Algebra (New 
York: Academic Press, 1974). 
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We next present two important special cases of the Poincaré-Bendixson theorem that guarantee 
the existence of periodic solutions. 


Theorem 11.5.5  Poincaré-Bendixson I 


Let R be an invariant region for a plane autonomous system and suppose that R has no critical 
points on its boundary. 


(a) If Ris a Type I region that has a single unstable node or an unstable spiral point in 
its interior, then there is at least one periodic solution in R. 

(b) If Ris a Type II region that contains no critical points of the system, then there is at 
least one periodic solution in R. 


In either of the two cases, if X = X(f) is a nonperiodic solution in R, then X(f) spirals toward 
a cycle that is a solution to the system. This periodic solution is called a limit cycle. 


The flow interpretation portrayed in Figure 11.5.2 can be used to make the result plausible. 
If a particle is released at a point X, in a Type II invariant region R, then, with no escape from 
the region and with no resting points, the particle will begin to rotate around the boundary C, 
and settle into a periodic orbit. It is not possible for the particle to return to an earlier position 
unless the solution is itself periodic. 


| EXAMPLE 10 | Existence of a Periodic Solution 


Use Theorem 11.5.5 to show that the system 


x = —y + x(1 — x — y’) — yor + y’) 
y=xtyd-xr-y)4+2x0'? 4+ y’ 


has at least one periodic solution. 


SOLUTION We first construct an invariant region that is bounded by circles. If n; = (—2x, —2y), 
then V-n, = —277(1 — r’). If we let r = 2 and then r = 3, we may conclude that the annular 
region R defined by ; = x’ + y’ = 4is invariant. If (x,, y,) is acritical point of the system, then 
V-n, = (0,0) - n, = 0. Therefore, r = 0 or r = 1. If r = 0, then (x, y,) = (0, 0) is a critical 
point. If r = 1, the system reduces to —2y = 0, 2x = 0 and we have reached a contradiction. 
Therefore, (0, 0) is the only critical point, and this critical point is not in R. By part (b) of 
Theorem 11.5.5, the system has at least one periodic solution in R. 

The reader can verify that X(t) = (cos 2t, sin 27) is a periodic solution. = 


| EXAMPLE 11__ | Limit Cycle in the Van der Pol Equation 


Show that the Van der Pol differential equation 


y 
O93) x" + pO? — 1)x' +x=0 


has a periodic solution when py > 0. 


SOLUTION We will assume that there is a Type I invariant region R for the corresponding 
plane autonomous system and that this region contains (0, 0) in its interior (see Example 9 


{ x and Figure 11.5.3). The only critical point is (0, 0), and the Jacobian matrix is given by 
-3 
, 0 1 
g'((0, 0)) = ( ) 

-1 op 
Therefore, 7 = uw, A = 1, and r* — 4A = yp’ — 4. Since p > 0, the critical point is either an 
unstable spiral point or an unstable node. By part (a) of Theorem 11.5.5, the system has at 
least one periodic solution in R. FIGURE 11.5.4 shows solutions corresponding to X(0) = (0.5, 
FIGURE 11.5.4 Two solutions of Van der 0.5) and X(0) = (3, 3) for uy = 1. Each of these solutions spirals around the origin and ap- 
Pol’s equation approaching the same proaches a limit cycle. It can be shown that the Van der Pol differential equation has a unique 
limit cycle in Example 11 limit cycle for all values of the parameter wu. = 
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Hi Global Stability Another version of the Poincaré—Bendixson theorem can be used to 
show that a locally stable critical point is globally stable: 


Theorem 11.5.6 Poincaré—Bendixson II 


Let R be a Type I invariant region for a plane autonomous system that has no periodic solutions 
inR. 


(a) If R has a finite number of nodes or spiral points, then given any initial position Xy 
in R, lim,_,.. X() = X, for some critical point X,. 

(b) If R has a single stable node or stable spiral point X, in its interior and no critical 
points on its boundary, then lim,_,,, X(t) = X, for all initial positions Xp in R. 


In Theorem 11.5.6 the particle cannot escape from R, cannot return to any of its prior posi- 
tions, and therefore, in the absence of cycles, must be attracted to some stable critical point X,. 


| EXAMPLE 12__ | A Globally Stable Critical Point 


Investigate global stability for the system from Example 7: 


xo=-y-x 
Pe 3 
yux7y. 
SOLUTION In Example 7 we showed that the circular region defined by x” + y” < r’ serves 
as an invariant region for the system for any r > 0. Since dP/dx + dQ/dy = —3x° — 3y* does 


not change sign, there are no periodic solutions by the Bendixson negative criterion. It is not 
hard to show that (0, 0) is the only critical point and that the Jacobian matrix is 


, (9 1 
g'((0, 0)) = (; a) 


Since tT = Oand A = 1, (0, 0) may be either a stable or an unstable spiral (it cannot be a center). 
Theorem 11.5.6, however, guarantees that lim,_,,, X(t) = X, for some critical point X,. Since 
(0, 0) is the only critical point, we must have lim,_,,, X(t) = (0, 0) for any initial position Xo 
in the plane. The critical point is therefore a globally stable spiral point. FIGURE 11.5.5 shows 
two views of the solution satisfying X(0) = (4, 4). Figure 11.5.5(b) is an enlarged view of the 
curve around (0, 0). Notice how slowly the solution spirals toward (0, 0). 
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FIGURE 11.5.5 Zoom-in of a region around (0, 0) in Example 12 


Answers to selected odd-numbered problems begin on page ANS-29. 


In Problems 1-8, show that the given plane autonomous 3x) =-x+y 4, x! = xy’ — xy 
system (or second-order differential equation) has no periodic y =x-y y=xy-1 
solutions. 5. x’! = —ux — y 6. x =2x+y¥ 
ha=yt 2 '=yy— 
er arty ae as 
y =x-y y =-1-+2x-y : 
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7. x’ -2x+(')'=0 
8 x" +x=[5 4+ 30' Pb’ — x 


In Problems 9 and 10, use the Dulac negative criterion to 
show that the given plane autonomous system has no periodic 
solutions. Experiment with simple functions of the form 


d(x, y) = ax + by’, e@Y or ey . 


9. x’ = —2x + xy 10. x! = —x° + 4xy 


’ 


y =2y-+ y -5x -y 
11. Show that the plane autonomous system 


! 


x' =x(1 — x — 3y’) 
y’ = y3 — x — 3y’) 


has no periodic solutions in an elliptical region about the 
origin. 

12. If dg/dx’ # 0 in a region R, prove that x” = g(x, x’) has no 
periodic solutions in R. 

13. Show that the predator—prey model 


x! 


—ax + bxy 


. 
yo = ~exy + gk — y) 


in Problem 20 of Exercises 11.4 has no periodic solutions in 
the first quadrant. 


In Problems 14 and 15, find a circular invariant region for the 


given plane autonomous system. 
14. x' = -y — xe" 15. x’ = —x+yt+xy 
yee" one ia a ies 


16. Verify that the region bounded by the closed curve x° + 3y* = 1 
is an invariant region for the second-order nonlinear differen- 
tial equation x” + x’! = —(x’)? — x°. See FIGURE 11.5.6. 


x6 + 3y2= 1 


FIGURE 11.5.6 Invariant region in Problem 16 


17. The plane autonomous system in Example 8 has only one 
critical point. Can we conclude that this system has at least 
one periodic solution? 

18. Use the Poincaré—Bendixson theorem to show that the second- 
order nonlinear differential equation 


x” =x'f1 — 3x -20'P] -—x 
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19. 


20. 


21. 


22. 


has at least one periodic solution. [Hint: Find an invariant 
annular region for the corresponding plane autonomous 
system. ] 

Let X = X(t) be the solution of the plane autonomous 
system 


y=-2- 0 =x) 


that satisfies X(0) = (xo, yo). Show that if x5 + y < 1, then 
lim, ,,, X(t) = (0, 0). [Hint: Select r < 1 with xf + y6 <r’ 
and first show that the circular region R defined by x” + y* Sr? 
is an invariant region. | 

Investigate global stability for the system 


x =y-x 


y= -x-y'. 
Empirical evidence suggests that the plane autonomous 
system 


x'=xry-xt1 

years 7 

has a Type I invariant region R that lies inside the rectangle 

defined byO=x=2,0Sy<=1. 

(a) Use the Bendixson negative criterion to show that there 
are no periodic solutions in R. 

(b) If Xp is in R and X = X(f) is the solution satisfying 
X(t) = Xp, use Theorem 11.5.6 to find lim, _,., X(A). 

(a) Find and classify all critical points of the plane autono- 
mous system 


(1 - 2x -2) 
" . yo? gy 


(b) FIGURE 11.5.7 shows the vector field V/||V|| and offers em- 
pirical evidence that there is an invariant region R in the 
first quadrant with a critical point in its interior. Assuming 
that such a region exists, prove that there is at least one 
periodic solution. 
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FIGURE 11.5.7 Vector field for Problem 22 
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14. 


Answer Problems 1—10 without referring back to the text. Fill in 
the blank or answer true/false. 


1. 


10. 


11. 


12. 


13. 


The second-order differential equation x” + f(x’) + g(x) =0 
can be written as a plane autonomous system. 


. If X = X(f) is a solution of a plane autonomous system and 


X(t;) = X(t) for t, # t, then X(‘) is a periodic solution. 


. Ifthe trace of the matrix A is 0 and det A # 0, then the critical 


point (0, 0) of the linear system X’ = AX may be classified 
as 


. If the critical point (0, 0) of the linear system X’ = AX is a 


stable spiral point, then the eigenvalues of A are 


. If the critical point (0, 0) of the linear system X’ = AX is a 


saddle point and X = X(f) is a solution, then lim,_,,, X(4) does 
not exist. 


. Ifthe Jacobian matrix A = g’(X,) at a critical point of a plane 


autonomous system has positive trace and determinant, then 
the critical point X, is unstable. 


. Itis possible to show that a nonlinear plane autonomous system 


has periodic solutions using linearization. 
2 


dé 
. All solutions to the pendulum equation ae + : sind = 0 


are periodic. 


. Ifa simply connected region R contains no critical points of 


a plane autonomous system, then there are no periodic solutions 
ink. 


If a plane autonomous system has no critical points in an 
annular invariant region R, then there is at least one periodic 
solution in R. 


Solve the following nonlinear plane autonomous system by 
switching to polar coordinates, and describe the geometric 
behavior of the solution that satisfies the given initial 
condition. 


v= -y— (Vi +9?) 
y =x-y(Vx? +9’), XO) = C1, 0) 


Discuss the geometric nature of the solutions to the linear 
system X’ = AX given the general solution. 


(a) X() = ai(| er + of se 
1 —2 
(b) X() = c, _1/¢ col, Je 


Classify the critical point (0, 0) of the given linear system by 
computing the trace 7 and determinant A. 
(a) x’ = —3x + 4y (b) x’ = —3x + 2y 

y’ = —5x + 3y yi =-2x+ y 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


Find and classify (if possible) the critical points of the plane 
autonomous system 


x’ =x4 xy — 3x 
y' = 4y — dy —y’. 


Does this system have any periodic solutions in the first 
quadrant? 


Classify the critical point (0, 0) of the plane autonomous 
system corresponding to the nonlinear second-order differential 
equation 


x" + ue? — 1x’ +x=0 


where pis a real constant. 


Without solving explicitly, classify (if possible) the critical 
points of the autonomous first-order differential equation 


, 


x’ = (° — 1)e*” as asymptotically stable or unstable. 


Use the phase-plane method to show that the solutions of the 
nonlinear second-order differential equation 


x" = -2xVO'yr +1 


that satisfy x(0) = x9 and x'(0) = 0 are periodic. 

In Section 3.8 we assumed that the restoring force F of the 
spring satisfied Hooke’s law F = ks, where s is the elongation 
of the spring and k is a positive constant of proportionality. If 
we replace this assumption with the nonlinear law F = ks°, 
then the new differential equation for damped motion becomes 
mx" = —Bx' — k(s + x)? + mg, where ks? = mg. The system 
is called overdamped when (0, 0) is a stable node and is called 
underdamped when (0, 0) is a stable spiral point. Find new 
conditions on m, k, and 6 that will lead to overdamping and 
underdamping. 


Show that the plane autonomous system 
x! = 4x + 2y — 2x 
y’ = 4x — 3y + Axy 


has no periodic solutions. 


Use the Poincaré—Bendixson theorem to show that the plane 
autonomous system 


x =exty—xx+y’) 


‘] 


y 


—x + ey —yG? + y9) 


has at least one periodic solution when e > 0. What occurs 
when e < 0? 
The rod of a pendulum is attached to a movable joint at point P 


and rotates at an angular speed of w (radians/s) in the plane 
perpendicular to the rod. See FIGURE 11.R.1. As a result, the bob 
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of the pendulum experiences an additional centripetal force 
and the new differential equation for 6 becomes 
ml = wml sin 6 cos 6 — mg sin @ - p=. 

(a) Establish that there are no periodic solutions. 

(b) If w < g/l, show that (0, 0) is a stable critical point and 
is the only critical point in the domain -7 <6 <7. 
Describe what occurs physically when 0(0) = 6, 
6'(0) = 0, and @, is small. 

(c) If w* > g/l, show that (0, 0) is unstable and there are two 
additional stable critical points (+6, 0) in the domain 
—1a <@< 7. Describe what occurs physically when 
A(0) = 8, 0'(0) = 0, and 6p is small. 

(d) Determine under what conditions the critical points in 
parts (a) and (b) are stable spiral points. 


pivot @ 


FIGURE 11.R.1 Rotating pendulum in Problem 21 
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The nonlinear second-order differential equation 
x" — 2kx’ + c(x'P + wx = 0 


arises in modeling the motion of an electrically driven tuning 
fork. See FIGURE 11.R.2, where k = c = 0.1 and w = 1. Assume 
that this differential equation possesses a Type I invariant 
region that contains (0, 0). Show that there is at least one 
periodic solution. 


FIGURE 11.R.2 Solution curve in Problem 22 
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CHAPTER 


Our goal in Part 4 of this text is 
solve certain kinds of linear 
partial differential equations in 
an applied context. Although we 
do not solve any PDEs in this 
chapter, the material covered sets 
the stage for the procedures 
discussed later. 


In calculus you saw that a 
sufficiently differentiable 
function f could often be 
expanded in a Taylor series, which 
essentially is an infinite series 
consisting of powers of x. The 
principal concept examined in 
this chapter also involves 
expanding a function in an 
infinite series. In the early 1800s, 
the French mathematician Joseph 
Fourier (1768-1830) advanced 
the idea of expanding a function f 
in a series of trigonometric 
functions. It turns out that 
Fourier series are just special 
cases of a more general type of 
series representation of a 
function using an infinite set of 
orthogonal functions. The 
notion of orthogonal functions 
leads us back to eigenvalues and 
the corresponding set of 
eigenfunctions. Since eigenvalues 
and eigenfunctions are the 
linchpins of the procedures in the 
two chapters that follow, you are 
encouraged to review Example 2 
in Section 3.9. 


Orthogonal Functions 


and Fourier Series 


CHAPTER CONTENTS 
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In Chapter 7, the inner 
product was denoted by u- v. 


> 


12.4 | Orthogonal Functions 


INTRODUCTION _Incertain areas of advanced mathematics, a function is considered to be a 
generalization of a vector. In this section we shall see how the two vector concepts of inner, or 
dot, product and orthogonality of vectors can be extended to functions. The remainder of the 
chapter is a practical application of this discussion. 


I Inner Product Recall, if u = wi + uyj + u3k and v = v,i + v,j + v3k are two vectors 
in R? or 3-space, then the inner product or dot product of u and vis a real number, called a scalar, 
defined as the sum of the products of their corresponding components: 


3 
(U,V) = WV, + Uv, + U3V3 = Sure 
k=1 


The inner product (u, v) possesses the following properties: 


(i) (u,v) = (Vv, u) 
(ii) (ku, v) = k(u, v), k a scalar 
(iii) (usu) =Oifu=0 and (u,u)>Oifutd0 
(iv) (u + Vv, Ww) = (u, Ww) + (Vv, Ww). 
We expect any generalization of the inner product to possess these same properties. 
Suppose that f, and f, are piecewise-continuous functions defined on an interval [a, b].* Since 


a definite integral on the interval of the product f(x) s(x) possesses properties (7)—(iv) of the inner 
product of vectors, whenever the integral exists we are prompted to make the following definition. 


Definition 12.1.1 Inner Product of Functions 


The inner product of two functions f, and f, on an interval [a, b] is the number 
b 


(Vis ja) = | fi@)falx) dx. 


a 


Hi Orthogonal Functions Motivated by the fact that two vectors u and v are orthogonal 
whenever their inner product is zero, we define orthogonal functions in a similar manner. 


Definition 12.1.2 Orthogonal Functions 


Two functions f, and f, are said to be orthogonal on an interval [a, b] if 


b 


(Gin J) = | fi) fax) dx = 0. (1) 


a 


| EXAMPLE1 | Orthogonal Functions 


The functions f{(x) = x and f(x) = x are orthogonal on the interval [—1, 1]. This fact follows 
from (1): 


1 


1 1 
1 
=| eivae =| Bara bas = 0. = 
a Ea 


-1 


Unlike vector analysis, where the word orthogonal is a synonym for perpendicular, in this 
present context the term orthogonal and condition (1) have no geometric significance. 


Il Orthogonal Sets Weare primarily interested in infinite sets of orthogonal functions. 


*The interval could also be (—o«, co), [0, co), and so on. 
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Definition 12.1.3 Orthogonal Set 


A set of real-valued functions { d(x), &;(x), (x), ... } 1s said to be orthogonal on an interval 
[a, b] if 
b 


(bmx Pn) = | POP) dx = 0, mn. (2) 


[| Orthonormal Sets = The norm, or length || ul|, of a vector u can be expressed in terms of 
the inner product. The expression (u, u) = ||ul|* is called the square norm, and so the norm is 


\|ul| = V/(u, u). Similarly, the square norm of a function ¢, is ||¢,(«)||? = (¢,,. @,,), and so the 


norm, or its generalized length, is ||¢,(x)|| = V (@,, @,,). In other words, the square norm and 
norm of a function @, in an orthogonal set {¢,(x)} are, respectively, 


b b 
I|b,(x)|? = | bx)dx and —|/h,(0)|| = 4/ | H7(x) dx. (3) 


If {&,(x)} is an orthogonal set of functions on the interval [a, b] with the property that || 6,,)|| = 1 
forn = 0, 1, 2, ..., then {¢,(x)} is said to be an orthonormal set on the interval. 


| EXAMPLE2 | Orthogonal Set of Functions 


Show that the set {1, cos x, cos 2x, ...} is orthogonal on the interval [—77, 77]. 


SOLUTION If we make the identification p(x) = 1 and ¢,(x) = cos nx, we must then show 
that [7 do(x)h,(x) dx = 0,n #0, and J”. b,,(x)b,(x) dx = 0, m # n. We have, in the first 
case, forn #0, 


(bo, bn) = | h(x)b,(x) dx = | cos nx dx 


TT 


1. Il ee : 

— sin nx = —[sin nz — sin(—n7)] = 0, 
n n 

and in the second, for m#n, 


Ks Pn) = | byl, (x) dx = | cos mx cos nx dx 


=r 


1 wi 
= > | [ cos(m + n)x + cos(m — n)x] dx < trigonometric 
2 Jn identity 


_ : a + n)x a, sin(m — mal" _ 0, 


m+n m—n 


| EXAMPLE3 | Norms 


Find the norms of each function in the orthogonal set given in Example 2. 


SOLUTION For (x) = 1 we have from (3) 


T 


6,002 = | eon 


TT 


so that ||o(x)|| = V27. For $,(x) = cos nx, n > 0, it follows that 


I4,00lP = | 


—T 


T T 


5 1 
cos’ nx dx = a [1 + cos 2nx] dx = a. 


=F 


Thus for n > 0, 


| $,(2)|) ~ Va. 
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An orthogonal set can be Any orthogonal set of nonzero functions {@,(x)}, 1 = 0, 1, 2, ..., can be normalized—that is, 
made into an orthonormal set. made into an orthonormal set—by dividing each function by its norm. It follows from Examples 2 
and 3 that the set 


{ 1 cos x cos 2x \ 
Vin Va Var 
is orthonormal on the interval [—7, 7]. 


[| Vector Analogy We shall make one more analogy between vectors and functions. Suppose 
V,, V2, and v3 are three mutually orthogonal nonzero vectors in 3-space. Such an orthogonal set 
can be used as a basis for 3-space; that is, any three-dimensional vector can be written as a linear 
combination 


U = CV, + EV, + 6393, (4) 


where the c;, i = 1, 2, 3, are scalars called the components of the vector. Each component c; can 
be expressed in terms of u and the corresponding vector v;. To see this we take the inner product 
of (4) with v,: 


(u, V,) = C1(¥,, V1) + Co(Vo, Vy) + €3(V3, V1) = Cyl ViI]? + co 0 + €3°0. 


Hence c= is 2 
1 


In like manner we find that the components c, and c; are given by 


_ (UY, vp) 


7 _ (U, V3) 
,= 
Ilva 


~ [ivslP 


and C3 


Hence (4) can be expressed as 


_ (u,v) (u, v2), (U, Vs) = +o a 


Vv Vo 1 
IIvIP [IP ? Isl? = IlvalP 


u V,,: (5) 


I Orthogonal Series Expansion Suppose {¢,(x)} is an infinite orthogonal set of func- 
tions on an interval [a, b]. We ask: If y = f(x) is a function defined on the interval [a, b], is it 
possible to determine a set of coefficients c,,n = 0, 1, 2, ..., for which 


f(x) = Copo(x) + chi) bob CPX) map (6) 


As in the foregoing discussion on finding components of a vector, we can find the coefficients c, 
by utilizing the inner product. Multiplying (6) by #,,(x) and integrating over the interval [a, b] gives 


b b b b 
| JORG, | Cooder e | Pe MC eee | Poeun a: 


a 


= Co(ho, Pm) + c(h, Pn) ate 8h CAPrns Pm) a a 


By orthogonality, each term on the right-hand side of the last equation is zero except when m = n. 
In this case we have 


b 


b 
| f(x)ob,(%) dx = c, | 2 (x) dx. 


a 


It follows that the required coefficients c,, are given by 


LAC Ld) dx 
S2b200) dx 


, n=0,1,2,.... 


n 
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In other words, fx) = > CrP, (X), (7) 
n=0 


_ Safe)b,(x) dx 
— n= 16,001 7 
With inner product notation, (7) becomes 
(fbn) 
= n . 9 
fQ) = 16,002 (9) 


Thus (9) is seen to be the function analogue of the vector result given in (5). 


Definition 12.1.4 Orthogonal Set/Weight Function 


A set of real-valued functions {db (x), 6; (x), (x), ... } is said to be orthogonal with respect 
to a weight function w(x) on an interval [a, b] if 


b 
| W(X)bm(x)P,(x) dx = 0, m#n. 


The usual assumption is that w(x) > 0 on the interval of orthogonality [a, b]. The set 
{1, cos x, cos 2x, ...} in Example 2 is orthogonal with respect to the weight function w(x) = 1 
on the interval [—7, 7]. 

If {¢,(x)} is orthogonal with respect to a weight function w(x) on the interval [a, b], then 
multiplying (6) by w(x)¢,(x) and integrating yields 


Lwin dx 
Cn 2 ? (10) 
\I,(»)| 
b 
where lo,00|7 = | w(x) b3(x) dx. (11) 


The series (7) with coefficients c,, given by either (8) or (10) is said to be an orthogonal series 
expansion of f or a generalized Fourier series. 


| Complete Sets The procedure outlined for determining the coefficients c, was formal; 
that is, basic questions on whether an orthogonal series expansion such as (7) is actually possible 
were ignored. Also, to expand fin a series of orthogonal functions, it is certainly necessary that 
f not be orthogonal to each ¢,, of the orthogonal set {@,(x)}. (If f were orthogonal to every @,, 
then c, = 0,n = 0, 1, 2, ....) To avoid the latter problem we shall assume, for the remainder of 
the discussion, that an orthogonal set is complete. This means that the only continuous function 
orthogonal to each member of the set is the zero function. 


REMARKS 


Suppose that { /o(), fi), f(), ... } is an infinite set of real-valued functions that are continuous 
on an interval [a, b]. If this set is /inearly independent on [a, b] (see page 357 for the definition 


of an infinite linearly independent set), then it can always be made into an orthogonal set and, 
as described earlier in this section, can be made into an orthonormal set. See Problem 27 in 
Exercises 12.1. 
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| 12.1 | |Exercises Answers to selected odd-numbered problems begin on page ANS-29. 


In Problems 1—6, show that the given functions are orthogonal 
on the indicated interval. 


1. 


AG) =a) =23 [= 2,2) 


2 fi) =x, f0) =x? +1; [-1,1] 

3. fi) =e. fia) =xe*—e*; [0,2] 
4. 
5 
6. 


fi) = cos x, fo(x) = sin’ x; [0, 7] 


. fix) = x, f(x) = cos 2x; [— 77/2, 77/2] 
. fix) = e, f(x) = sin x; [77/4, 57/4] 


In Problems 7—12, show that the given set of functions is orthog- 
onal on the indicated interval. Find the norm of each function in 


the set. 
7. {sin x, sin 3x, sin5x,...};  [0, 7/2] 
8. {cos x, cos 3x, cos 5x,...};  [0, 7/2] 
9. {sinnx}, n= 1,2,3,...; [0,7] 
| nr 
10. { sinh, n=1,2,3,...;  [0,p] 
Pp 
nw 
11. {h cos eh, n=1,2,3,...;  [0,p] 


= 
i) 


ni mir 
. f cos——x, sin 2}. n= 1,2,3,..., 
P P 


m= 1,2,3,...; [-p, pl 


In Problems 13 and 14, verify by direct integration that the 
functions are orthogonal with respect to the indicated weight 
function on the given interval. 


13. 


14. 


15. 


20. 


Hy(x) = 1, H,(x) = 2x, Hy(x) = 4x2 - 2; ww) =e, 
(—o0, 00) 

L(x) = 1,£,@) = -x+1, L,@)= $x? —2x+1; wa=e", 
[0, co) 

Let {¢,(x)} be an orthogonal set of functions on [a, b] 


such that @o(x) = 1. Show that J? $,(x) dx = 0 forn = 
LB ie 


. Let {¢,(x)} be an orthogonal set of functions on [a, b] such 


that ho(x) = 1 and d,(x) = x. Show that (6 (ax + B)b,(x) dx = 0 
for n = 2,3, ... and any constants a and B. 


. Let {@,(x)} be an orthogonal set of functions on [a, b]. Show 


2 m#En. 


that || 6,02) + 6,0)? = bn0dI/? + Ie, 


. From Problem 1 we know that f\(x) = x and f,(x) = x? are 


orthogonal on [—2, 2]. Find constants c, and cy such that 
fi) = x + c1x? + cx? is orthogonal to both f, and f, on the 
same interval. 


. The set of functions {sin nx}, n = 1, 2, 3, ..., is orthogonal 


on the interval [—7, 77]. Show that the set is not complete. 


Suppose f,, /, and f; are functions continuous on the interval 


la, b]. Show that (f, + fi.) = (f-.fs) + hr fi): 
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A real-valued function is said to be periodic with period 

T # Oiff(x + T) = f(@) for all x in the domain of f. If Tis 
the smallest positive value for which f(x + T) = f(x) holds, 
then T is called the fundamental period of f. In Problems 
21-26, determine the fundamental period T of the given 
function. 


4 
21. f(x) = cos 27x 22. f(x) = sin eb 0 


23. f(x) = sinx + sin 2x 24. f(x) = sin 2x + cos 4x 
25. f(x) = sin3x + cos2x 26. f(x) = sin? rx 


Discussion Problems 


27. The Gram-Schmidt process for constructing an orthogonal 
set that was discussed in Section 7.7 carries over to a linearly 
independent set { f(x), f,(x),,fo@0, ...} of real-valued functions 
continuous on an interval [a, b]. With the inner product 
(hin) = SF 2b, (x) dx, define the functions in the set 
B’ = {ho(x), b1(x), h(x), ...} to be 


holx) = fo) 


bx) =f, we 7 bo(x) 
_ _ (fr, ho) _ (fr, d)) 
12) = fi) ~ 7g Gy P09) — Gg HO 


and so on. 

(a) Write out #3(x) in the set. 

(b) By construction, the set B’ = {¢0(x), 6(x), 2(a), ... } 
is orthogonal on [a, b]. Demonstrate that do(x), 6,4), 
and #,(x) are mutually orthogonal. 


28. (a) Consider the set of functions {1, x, x7,.x°, ...} defined on 
the interval [—1, 1]. Apply the Gram-Schmidt process 
given in Problem 27 to this set and find d(x), 6;(x), h2(x), 
and #3(x) of the orthogonal set B’. 

(b) Discuss: Do you recognize the orthogonal set? 

29. Verify that the inner product ( f), f:) in Definition 12.1.1 
satisfies properties (i)— (iv) given on page 672. 

30. In R°, give an example of a set of orthogonal vectors that 
is not complete. Give a set of orthogonal vectors that is 
complete. 

31. The function 


F@) = Ao + S(4 cos x +B, sins x), 


where the coefficients A,, and B,, depend only on n, is periodic. 
Find the period T of f. 


This is why 4ay is used > 
instead of dp. 


Fourier Series 


INTRODUCTION We have just seen in the preceding section that if {@o(x), 6;(x), @2(), ...} 
is a set of real-valued functions that is orthogonal on an interval [a, b] and if fis a function defined 
on the same interval, then we can formally expand fin an orthogonal series codo(x) + c,,(x) + 
Co(x) + --+. In this section we shall expand functions in terms of a special orthogonal set of 
trigonometric functions. 


Il Trigonometric Series In Problem 12 in Exercises 12.1, you were asked to show that 
the set of trigonometric functions 


7 2a 3a _ 7 ; _ 37 
1, cos — x, cos — x, cos —X, ..., Sin — x, sin —x, sin —x, ... (1) 
P P Pp Pp P P 


is orthogonal on the interval [—p, p]. This set will be of special importance later on in the solution 
of certain kinds of boundary-value problems involving linear partial differential equations. In 
those applications we will need to expand a function f defined on [—p, p] in an orthogonal series 
consisting of the trigonometric functions in (1); that is, 


Ao — ni _ AT 
(xy) =— + (<,co x + b, sin ») (2) 
fay= a + Zi aeos, p 


The coefficients ag, a, dz, ..., bj, bz, ..., can be determined in exactly the same manner as in the 
general discussion of orthogonal series expansions on pages 674 and 675. Before proceeding, note 
that we have chosen to write the coefficient of 1 in the set (1) as ag rather than ap; this is for 
convenience only because the formula of a, will then reduce to dp for n = 0. 

Now integrating both sides of (2) from —p to p gives 


P att eS P p 
| f(x) dx = =| dx + >(«| cos a dx + »,| sin 7H ax) (3) 
—p =p n=1 =p “P 


Since cos(n7x/p) and sin(n7rx/p), n = 1, are orthogonal to | on the interval, the right side of 
(3) reduces to a single term: 


Pp dg Pp do Pp 
f(x) dx = 5 dx = —x = pao. 
—p —p 


Solving for dp yields 


i?’ 
a = Al f(x) dx. (4) 


=p 


Now we multiply (2) by cos(mzrx/p) and integrate: 


P mir ay {? 
| F(x) cos xdx = | cos x dx 
Pp P —p 


ee B mr nit 2 mr | nT 
ae (<,| cos x cos — x dx 4 »,| cos —— x sin — x ax) (5) 
P P P P 


n=1 —p —p 


By orthogonality we have 


. mir e mr | nw 
cos —xdx =0, m> QO, cos x sin xdx = 0 
—p P P Dp 


—p 
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and 


Thus (5) reduces to 


and so 


Pp 
T 
cos XxX 
-p Pp 


P 
(in 
“P 


nt 
x) cos — x dx = a,p, 
P 


ayn 


nit a men 
cos ii xdx = 


Pp mn. 


he ni 
== fi) cos —— x de 
P P 


—p 


Finally, if we multiply (2) by sin(m7x/p), integrate, and make use of the results 


Pom 
| sin —xdx =0, m>0O, | 
—p P 


[ 


and 


we find that 


b, = 


“YF in” xd 
a. XX) SIM —— X:aX: 
Pye Pp 


Pp 


Pom ni 
sin X COS xdx = 0 
=n 7) 
mr. nt {° mn 
sin x sin xdx = 
Pp P Pp, m—Nnh, 


(6) 


(7) 


The trigonometric series (2) with coefficients do, a,, and b,, defined by (4), (6), and (7), 
respectively, is said to be the Fourier series of the function f: The coefficients obtained from (4), 
(6), and (7) are referred to as Fourier coefficients of f 

In finding the coefficients dap, a,, and b,, we assumed that f was integrable on the interval 
and that (2), as well as the series obtained by multiplying (2) by cos (mzrx/p), converged in such 
a manner as to permit term-by-term integration. Until (2) is shown to be convergent for a given 
function f, the equality sign is not to be taken in a strict or literal sense. Some texts use the 


symbol ~ 


in place of =. In view of the fact that most functions in applications are of a type that 


guarantees convergence of the series, we shall use the equality symbol. We summarize the results: 


Definition 12.2.1 Fourier Series 


The Fourier series of a function f defined on the interval (—p, p) is given by 


(@Q)= 


where 


a 


2 


*: nt 
+ S(4, Coe a> ar (2), Sia) — ») 
Pp Pp 


n=1 


_ fe) cos = x dx 


| AG) sin = ae abe. 


(8) 


(9) 


(10) 


(11) 


| EXAMPLE1 | Expansion in a Fourier Series 


0 —7T<x<0 
Expand = 4 12 
xpan f(x) —_ pie ook (12) 
y 5 s : 
in a Fourier series. 
nm SOLUTION The graph of fis given in FIGURE 12.2.1. With p = 7 we have from (9) and (10) 
x that 
= a 7 0 7 2 
51 fit || Oe Lommel =a lms 
ag OE | sO eee | Ae x) dx malts 5 


FIGURE 12.2.1 Function fin Example 1 
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0 


Note that 


1-(-1)" = { 


0, 
25 


neven > 


n odd. 


ei Lyf . 
a= =| fee) cose de = + | | odr+ | (@ — x) cos nx dx 
7 JS TL Jag 0 


1 sinnx |” Lyfe: 
= —| (7 — x) + —| sinnx dx 
T 0 MJo 
= 1 cos me" 
ni on 7 
—cosnia + 1 
= 5 < cosn7 = (—1)" 
nw 
ee ae ae! 
vor | 


In like manner we find from (11) that 


1(" 1 
a= + (7 — x) sinnx dx = —. 
T Jy n 


2 (1 — (-1)" 1 
Therefore fx) =—+ > ‘ ) cos nx 4 = sin nel (13) = 
naw 


Note that a,, defined by (10) reduces to ap given by (9) when we set n = 0. But as Example | 
shows, this may not be the case after the integral for a, is evaluated. 


Hi Convergence of a Fourier Series The following theorem gives sufficient conditions 
for convergence of a Fourier series at a point. 


Theorem 12.2.1 Conditions for Convergence 


Let fand f’ be piecewise continuous on the interval [—p, p]; that is, let fand f’ be continuous 
except at a finite number of points in the interval and have only finite discontinuities at these 
points. Then for all x in the interval (—p, p) the Fourier series of f converges to f(x) at a point 
of continuity. At a point of discontinuity, the Fourier series converges to the average 


f+) + f@—) 
5 5 


where f(x+) and f(x—) denote the limit of fat x from the right and from the left, respectively.* 


For a proof of this theorem you are referred to the classic text by Churchill and Brown. * 


| EXAMPLE2 | Convergence of a Point of Discontinuity 


The function (12) in Example | satisfies the conditions of Theorem 12.2.1. Thus for every x 
in the interval (—77, 77), except at x = 0, the series (13) will converge to f(x). At x = 0 the 
function is discontinuous, and so the series (13) will converge to 


fO+)+f0-) «wt+O0 a 
2 a a 


*In other words, for x a point in the interval and h > 0, 
fat) = lim fa +h), f-) = lim fa — h). 
h->0 h->0 


‘Ruel V. Churchill and James Ward Brown, Fourier Series and Boundary Value Problems (New York: 
McGraw-Hill, 2000). 
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We may assume that 
the given function fis 
periodic. 


> 


il Periodic Extension Observe that each of the functions in the basic set (1) has a different 
fundamental period,* namely, 2p/n, n = 1, but since a positive integer multiple of a period is also 
a period we see that all of the functions have in common the period 2p (verify). Hence the right- 
hand side of (2) is 2p-periodic; indeed, 2p is the fundamental period of the sum. We conclude that 
a Fourier series not only represents the function on the interval (—p, p) but also gives the periodic 
extension of f outside this interval. We can now apply Theorem 12.2.1 to the periodic extension 
of f, or we may assume from the outset that the given function is periodic with period T = 2p; that 
is, f(x + T) = f(x). When fis piecewise continuous and the right- and left-hand derivatives exist 
atx = —pandx = p, respectively, then the series (8) converges to the average [ f(p—) + f(—p+)]/2 
at these endpoints and to this value extended periodically to +3p, +5p, +7p, and so on. The 
Fourier series in (13) converges to the periodic extension of (12) on the entire x-axis. At 0, +277, 


+47,...,and at ta, +37, +57, ..., the series converges to the values 
flQ+) +f0-) a fia) + flat) 
= and = 0, 
2 2 2 
respectively. The solid dots in FIGURE 12.2.2 represent the value 77/2. 
y 
\ \ Tw \ \ 
e Ph. e ~, e * e ah 
} f=—-} ——- ==} +— x 
-4n -3n -2n -1 nxn 2m 3n 4 


FIGURE 12.2.2 Periodic extension of the function f 
shown in Figure 12.2.1 


I Sequence of Partial Sums _Itis interesting to see how the sequence of partial sums {Sy(x)} 
of a Fourier series approximates a function. For example, the first three partial sums of (13) are 


5,(x) 7 590) m2 ang 5400) ae +s lind oie 
- a cos sin x, x) = — + — cos sin — sin 2x. 
(x (x re x x, S3(x 4 & x x 5 ¥ 


4 bd 
In FIGURE 12.2.3 we have used a CAS to graph the partial sums S;(x), Sg(x), and S,;(x) of (13) on 
the interval (—7, 77). Figure 12.2.3(d) shows the periodic extension using S,;(x) on (—4z7, 477). 


1 1 1 _ 1 T I co 1 1 : 1 1 1 
3F | 3F 4 
2F | 2 | 
1F 4 1F J 
0 x 0 x 
a 2 a oo 1 s 3 = a rs ae a 
(a) S5(x) on (-2, 7) (b) Sg(x) on (—2, 2) 
1 1 1 - 1 1 1 1 1 1 1 
34 
2b 
1k 
0 
ge ae ke “10-5 0 5 10 


(c) S;5(x) on (—7, 7) 


FIGURE 12.2.3 Partial sums of a Fourier series 
* See Problems 21—26 in Exercises 12.1. 
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(d) S;5(x) on (-4z, 47) 


| 12.2 | Exercises Answers to selected odd-numbered problems begin on page ANS-29. 


In Problems 1-16, find the Fourier series of the function f on the 
given interval. Give the number to which the Fourier series 
converges at a point of discontinuity of f. 


In Problems 17 and 18, sketch the periodic extension of the 
indicated function. 


17. The function fin Problem 9 


: —7<x<0 18. The function fin Problem 14 
1. fa) = eee 
ne oe 19. Use the result of Problem 5 to show 
2 #0 = -7<x<0 
ee - 0<x<7 a ae ee Oe 
i, =142<6 6 2-2 
3. f(x) = f 
x; O=x<1 and 
0, -l<x<0 
4. : 2 
fx) = i“ oe a Lae 
5 fa) = te —7<x<0 " a a a 
. fx é 
a Cas a 20. Use Problem 19 to find a series that gives the numerical value 
™, —7<x<0 of 7/8 
6 fix)=4") 
tn ee 21. Use the result of Problem 7 to sh 
1 f@=xta, -t7<x<7 . Use the result of Problem / to show 
8 fx) =3-2x, -am<x<a7 T 1 1 1 
- 1 + foe 
0, T<x<0 4 3 5 7 
9 fm=). 
sin x, Osx<7 
0, —n/2<x<0 22. Use the result of Problem 9 to show 
10. f(x) = 
COS x, Osx<7/2 ml, 1 1 n 1 1 i 
0, —2<x<-l 4 2 1:3 3:5 5:7 7:9 
MN. f(x) = 2, —-l=x<0 23. The root-mean-square value of a function f (x) defined over 
I, O=x<l an interval (a, b) is given by 
0, I1sx<2 
0, -2<x<0 eee Se fo) dx 
12. f(x) = 4x, Osx<l b-a ~ 
sSx< 
: 5 . 2 If the Fourier series expansion of fis given by (8), show that 
13. f(xy) = , - the RMS value of f over the interval (—p, p) is given b 
f(x) P, PSS y 
, 1+, Osx<5 
14 _ 2+ Xx, —2<x<0 1 12 
f= 1 chen RMS(f) = 4% + yan + b,); 
15. fsy=e*, -TW<x<T7 = 
16. f(x) = i. —7<x<0 where do, a,,, and b,, are the Fourier coefficients in (9), (10), 
: e = 1, Osx<a7 and (11), respectively. 


Fourier Cosine and Sine Series 


INTRODUCTION The effort expended in the evaluation of coefficients ap, a,, and b, in 
expanding a function fin a Fourier series is reduced significantly when fis either an even or an 
odd function. A function fis said to be 


even if f(—x) = f(x) and 


odd if f(—x) = —f(x). 


On a symmetric interval such as (—p, p), the graph of an even function possesses symmetry with 
respect to the y-axis, whereas the graph of an odd function possesses symmetry with respect to 
the origin. 


il Even and Odd Functions __Itis likely the origin of the words even and odd derives from 
the fact that the graphs of polynomial functions that consist of all even powers of x are symmetric 
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FIGURE 12.3.2 Odd function 
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with respect to the y-axis, whereas graphs of polynomials that consist of all odd powers of x are 
symmetric with respect to the origin. For example, 


even integer 


f(x) = x’ is even since f(—x) = (—x) = x* = f(x) 


odd integer 


‘ 
f(x) = x is odd since f(—x) = (—x)? = —x8 = —f(x). 


See FIGURES 12.3.1 and 12.3.2. The trigonometric cosine and sine functions are even and odd func- 
tions, respectively, since cos(—x) = cos x and sin(—x) = —sin x. The exponential functions 


f(x) = e* and f(x) = e “are neither even nor odd. 


I Properties The following theorem lists some properties of even and odd functions. 


Theorem 12.3.1 Properties of Even/Odd Functions 


(a) The product of two even functions is even. 

(b) The product of two odd functions is even. 

(c) The product of an even function and an odd function is odd. 
(d) The sum (difference) of two even functions is even. 

(e) The sum (difference) of two odd functions is odd. 

(f) Iffis even, then J“, f(x) dx = 2 fo f(x) dx. 

(g) If fis odd, then J“, f(x) dx = 0. 


PROOF OF (b): Let us suppose that f and g are odd functions. Then we have f(—x) = —f(x) 
and g(—x) = — g(x). If we define the product of fand g as F(x) = f(x) g(x), then 


F(—x) = f(—x)g(—x) = (—F@))(— 8@)) = f@)g@) = FO). 


This shows that the product F of two odd functions is an even function. The proofs of the remain- 


ing properties are left as exercises. See Problem 56 in Exercises 12.3. = 


Hi Cosine and Sine Series If fis an even function on the interval (—p, p), then in view of 
the foregoing properties, the coefficients (9), (10), and (11) of Section 12.2 become 


1? 2/” 
a = >| gta) ae = =| fon a 
0 


=p 


e ni e nT 
a, = —| f(x) cos —xdx = —| f(x) cos — x dx 
P P P 


—p 0 


even 


Similarly, when fis odd on the interval (—p, p), 
Pp 


2 _ nT 
a,=90, n=0,1,2,..., b, = — | f(x) sin — x dx. 
P Jo Pp 


We summarize the results in the following definition. 
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yHx,2<x<2 


FIGURE 12.3.3 Odd function fin 
Example 1 


FIGURE 12.3.5 Odd function fin 
Example 2 


Definition 12.3.1 Fourier Cosine and Sine Series 


(i) The Fourier series of an even function on the interval (—p, p) is the cosine series 


any 2 nT 
Gs) S SS 6 SS a, eos se, (1) 
2 > P 
3) P 
where Gy = | f(x) dx (2) 
PJo 
5) 'P 
— 2| f(x) cos ET dé. (3) 
PJo Pp 
(ii) The Fourier series of an odd function on the interval (—p, p) is the sine series 
f(x) = Sd, sin as (4) 
n=1 Dp 
Dale nt 
where Lh = | (Ge) Si —= se ab, (5) 
P Pa P 


| EXAMPLE1 | Expansion in a Sine Series 


Expand f(x) = x, —2 <x < 2, ina Fourier series. 


SOLUTION Inspection of FIGURE 12.3.3 shows that the given function is odd on the interval 
(—2, 2), and so we expand fin a sine series. With the identification 2p = 4, we have p = 2. 
Thus (5), after integration by parts, is 


= ont 4(—1)"*! 
b, = | xsin xdx = 3 
(0) 2 


nT 


4 re) =] nt+1 
Therefore f@) = ps ( z sin = x. (6) = 


n=1 


The function in Example | satisfies the conditions of Theorem 12.2.1. Hence the series (6) 
converges to the function on (—2, 2) and the periodic extension (of period 4) given in FIGURE 12.3.4. 


FIGURE 12.3.4 Periodic extension of the function f shown in Figure 12.3.3 


| EXAMPLE2 | Expansion in a Sine Series 


; -1l, -7w<x<0 ; . : 
The function f(x) = shown in FIGURE 12.3.5 is odd on the interval 
1, Osx<7 
(—7, 77). With p = 7 we have from (5) 
2" . 21-(-1)" 
b, = =| C) sinax dx = — ———_,, 
T Jo 7 n 
—~221-()' . oe 
and so f(x) ms ~~ ; sin nx. (7) = 


n=1 
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[| Gibbs Phenomenon With the aid of a CAS we have plotted in FIGURE 12.3.6 the graphs 
Si(x), So(x), S3(x), 5,5(x) of the partial sums of nonzero terms of (7). As seen in Figure 12.3.6(d) 
the graph of S,;(x) has pronounced spikes near the discontinuities at x = 0, x = 7, x = —7, and 
so on. This “overshooting” by the partial sums Sy from the function values near a point of dis- 
continuity does not smooth out but remains fairly constant, even when the value N is taken to be 
large. This behavior of a Fourier series near a point at which fis discontinuous is known as the 
Gibbs phenomenon. 


gga Pe SS 
(a) S\(x) (b) So(x) 
y y 


4 2 —- 6 1 & 3 
(c) S3(x) (d) Sy5(x) 


FIGURE 12.3.6 Partial sums of sine series (7) on the interval (—7, 7r) 


The periodic extension of fin Example 2 onto the entire x-axis is a meander function (see 
page 247). 


I| Half-Range Expansions Throughout the preceding discussion it was understood that 
a function f was defined on an interval with the origin as midpoint, that is, (—p, p). However, in 
many instances we are interested in representing a function that is defined on an interval (0, L) 
by a trigonometric series. This can be done in many different ways by supplying an arbitrary 
definition of the function on the interval (—L, 0). For brevity we consider the three most important 
cases. If y = f(x) is defined on the interval (0, L), then: 


(i) _ reflect the graph of the function about the y-axis onto (—L, 0); the function is now even on 
the interval (—L, L) (see FIGURE 12.3.7); or 

(ii) reflect the graph of the function through the origin onto (—L, 0); the function is now odd 
on the interval (—L, L) (see FIGURE 12.3.8); or 

(iii) define fon (—L, 0) by f(x) = f(@ + L) (see FIGURE 12.3.9). 


FIGURE 12.3.7 Even reflection FIGURE 12.3.8 Odd reflection FIGURE 12.3.9 Identity reflection 
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FIGURE 12.3.10 Function fin Example 3 


Note that the coefficients of the series (1) and (4) utilize only the definition of the function 
on (0, p), that is, for half of the interval (—p, p). Hence in practice there is no actual need to make 
the reflections described in (/) and (ii). If f is defined on (0, L), we simply identify the half-period 
as the length of the interval p = L. The coefficient formulas (2), (3), and (5) and the correspond- 
ing series yield either an even or an odd periodic extension of period 2L of the original function. 
The cosine and sine series obtained in this manner are known as half-range expansions. Last, 
in case (iii) we are defining the function values on the interval (—L, 0) to be the same as the 
values on (0, L). As in the previous two cases, there is no real need to do this. It can be shown 
that the set of functions in (1) of Section 12.2 is orthogonal on [a, a + 2p] for any real number 
a. Choosing a = —p, we obtain the limits of integration in (9), (10), and (11) of that section. But 
for a = 0 the limits of integration are from x = 0 to x = 2p. Thus if fis defined over the interval 
(0, L), we identify 2p = L or p = L/2. The resulting Fourier series will give the periodic exten- 
sion of f with period L. In this manner the values to which the series converges will be the same 
on (—L, 0) as on (0, L). 


| EXAMPLE3 | Expansion in Three Series 


Expand f(x) = x”, 0 < x < L, (a) in a cosine series, (b) in a sine series, (c) in a Fourier 
series. 


SOLUTION The graph of the function is given in FIGURE 12.3.10. 
(a) We have 


n > 
na : 


‘ae 2 a 4L(—1)" 
a= 7 [de = 20 a = 7 [ re0s x dx = ee 
L Jo 3 L Jo EL 
where integration by parts was used twice in the evaluation of a,,. Thus 


VP 4 2 (-1)" nt 
f@ = 3 + = > 2 cos L* (8) 


(b) In this case we must again integrate by parts twice: 


, a2 ee ew eo ab rept = 1] 
nT) sin 7x dx = a ae (= 1) . 
2V? & ((-1)""! 2 h _ nw 
Hence f® = = { - + aa [(-1)" — 1]? sin 7 (9) 


(c) With p = L/2, 1/p = 2/L, and nar/p = 2n77/L, we have 


oe oy 2(" , nm i 
a =| x*dx=-L*, a, = | x cos—xdx = >5 
0 3 LJo L 


L na 
oA >... 2nt Lv? 
and b, = —| x° sin xdx = ——. 
LJo nt 
Theref OD) Lv? a eS 1 2n7r 1 | 2n7 } (10) = 
erefore = cos — —sin : = 
- 3 tT = lied L ~~ _ L . 


The series (8), (9), and (10) converge to the 2L-periodic even extension of f, the 2L-periodic 
odd extension of f, and the L-periodic extension of f, respectively. The graphs of these periodic 
extensions are shown in FIGURE 12.3.11. 
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fO 


w+ 


FIGURE 12.3.12 Periodic forcing function 
fin Example 4 
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(a) Cosine series 


y 
d Ld i dt 
/ / / / 
f / / / 
/ 7 / cA 
Ps 4 ye “ge 
oh —2 0, oj + x 
(AL -3L/2L -L, L f2L 3h 4b 
/ / / / / 
/ / / / / 


i i i i 1 


(b) Sine series 


/ I / t / U 


rd / 7 / / 7, 3 

g : F il / = # ~ 7° a be P ° 
peepee _pe” jeff x 

-4L -3L 2b -L L 2b 3h AL 


(c) Fourier series 


FIGURE 12.3.11 Different periodic extensions of the function fin Example 3 


Il Periodic Driving Force Fourier series are sometimes useful in determining a particular 
solution of a differential equation describing a physical system in which the input or driving force 
f(@ is periodic. In the next example we find a particular solution of the differential equation 

2 


d 
moa + ke =f (11) 


by first representing f by a half-range sine expansion and then assuming a particular solution of 
the form 


x) = dB, sin (12) 
n=1 


| EXAMPLE4 | Particular Solution of a DE 


An undamped spring/mass system, in which the mass m = jg slug and the spring constant 
k = 4 lb/ft, is driven by the 2-periodic external force f(f) shown in FIGURE 12.3.12. Although 
the force f(t) acts on the system for tf > 0, note that if we extend the graph of the function in 
a 2-periodic manner to the negative t-axis, we obtain an odd function. In practical terms this 
means that we need only find the half-range sine expansion of f(t) = mt, 0<t< 1. With 
p = 1 it follows from (5) and integration by parts that 


4- 1" t+ 


1 
b, = 2| at sinnat dt = 
0 n 


From (11) the differential equation of motion is seen to be 
1 d- foro) 2 =] n+1 
ie a +4, = > ( os sin nat. (13) 


n=1 


To find a particular solution x,,(7) of (13), we substitute the series (12) into the differential 
equation and equate coefficients of sin nat. This yields 


1 2(-1)"*! 32 —jyrt! 
16 n n(64 — na) 
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In Problems 1—10, determine whether the given function is even, 


Thus 


Observe in the solution (14) that there is no integer n = 1 for which the denominator 64 — wor 


x() = > 


oo 32(-1)"*! 


sin n7rt. 


(14) = 


& n(64 — na’) 


2 


of B,, is zero. In general, if there is a value of n, say, N, for which Na/p = w, where w = Vk/m, 
then the system described by (11) is in a state of pure resonance. In other words, we have pure 
resonance if the Fourier series expansion of the driving force f(f) contains a term sin(Na/L)t 
(or cos(Nz/L)t) that has the same frequency as the free vibrations. 

Of course, if the 2p-periodic extension of the driving force f onto the negative ft-axis yields an 
even function, then we expand f in a cosine series. 


| 12.3 | Exercises Answers to selected odd-numbered problems begin on page ANS-29. 


odd, or neither. 


1. 
3. f(x) =x? +x 


f(x) = sin 3x 2. f(x) =x cos x 


4. f(x) = x — 4x 


5. f(x) =e" 6. f(x) =e-—e* 
1. poy = {* oe 

; —x?, O=x<l 
m fey = 2 * > —2<x<0 

, =x 5, O=x<2 


9. 


fH=x, VS*e=2 10. f(x) = bel 


In Problems 11-24, expand the given function in an appropriate 
cosine or sine series. 


11. 


12. 


13. 
14. 
15. 
16. 
17. 
18. 


19. 


20. 


21. 


22. 


23. 
24. 


_ jm, -1<x<0 

is ee 

lo —-2<x<-l 
f@=)0, -l<x<l 
ll, lax <2 


f@ = Wl, -7m<x<7 
f@=x, -W<x<7 
FHHx, -l<x<l 
f@) =xhkl, -l<x<1 
fQ) = 7 — x’, —T<x< TT 


SQ) =x3, -T7@<x<7 


_jx-1l -m<x<0 
oe aie Osx<7 
x+1, -l<x<0 

p= {2 " 0 6=%<1 
1, —2<x<-l 
aes. SlSar=0 
fa) = x: O=x<1 
1, 1sx<2 

—T7, —-297 <x<-T7 

FS@) = 4x, —Tsx<T7 

TT, Tsax< 27 


f@) =Isinxl, -7w<x<a7 
f(x) =cosx, —m/2<x<q/2 


In Problems 25-34, find the half-range cosine and sine expansions 
of the given function. 


1, O< x <5 0, O<x<3 
fey = {I f<=x<1 o fay = { tSSx<l 
. f(x) =cosx,0<x<a/2 28. f(x) =sinx,0O<x<7 
_ (% 0<x< 7/2 
fay = {fe m/2sx<7 
0, O0<x<7 


f(x) =4 


X- 7, WSx<27 
x, O<x<l 
ils l=x <2 
0<x<1l 
ls=x<2 


f(x) -{ 


-{' 
fx) = — 


33. f(x) =x? +x, 0<x<1 
34. f(x) =x2—x), O<x<2 


In Problems 35-38, expand the given function in a Fourier series. 


35. f(x) =x°, O<x<20 
37. f(x) =xt1,0<x<1 


36. f(x) =x, O<x< 7 
38. f(x) =2-—x, 0<x<2 


In Problems 39-42, suppose the function y = f(x),0 <x <L, 
given in the figure is expanded in a cosine series, in a sine series, 
and in a Fourier series. Sketch the periodic extension to which 
each series converges. 


39. 


41. 


y=f@) 


y 


| L 


FIGURE 12.3.13 Graph for 
Problem 39 
y 


FIGURE 12.3.14 Graph for 
Problem 40 


FIGURE 12.3.15 Graph for 
Problem 41 


FIGURE 12.3.16 Graph for 
Problem 42 
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In Problems 43 and 44, proceed as in Example 4 to find a 
particular solution x,(7) of equation (11) when m = 1, k = 10, 
and the driving force f(7) is as given. Assume that when f(f) is 
extended to the negative f-axis in a periodic manner, the 
resulting function is odd. 


44 ae O<t<7. seat 
AOS oe pepe gg TET A Ie) 


44. f(t)=1—1,0<1<2; fit+2)=flt) 


In Problems 45 and 46, proceed as in Example 4 to find a particular 
solution x,(¢) of equation (11) when m = i, k = 12, and the driving 
force f(Z) is as given. Assume that when f(A) is extended to the negative 
t-axis in a periodic manner, the resulting function is even. 


45. f(t) =2nt—1t?,0<t<2a; f(t+2m) =f) 
_ {fr Qn fa 7 
46. f(x) = i= teret f@+ I) =fO 
47. (a) Solve the differential equation in Problem 43, 
x" + 10x = f(t), subject to the initial conditions x(0) = 0, 
x'(0) = 0. 
(b) Usea CAS to plot the graph of the solution x(f) in part (a). 
48. (a) Solve the differential equation in Problem 45, 
4x” + 12x = f(2), subject to the initial conditions x(0) = 1, 
x'(0) = 0. 
(b) Use a CAS to plot the graph of the solution x(A) in part (a). 
49. Suppose a uniform beam of length L is simply supported at 
x = 0 and at x = L. If the load per unit length is given by 
w(x) = Wox/L, O < x < L, then the differential equation for 
the deflection y(x) is 


El 
dx L 


where E, J, and wy are constants. See (4) in Section 3.9. 
(a) Expand w(x) in a half-range sine series. 
(b) Use the method of Example 4 to find a particular solution 
y(x) of the differential equation. 
50. Proceed as in Problem 49 to find a particular solution y(x) 
when the load per unit length is as given in FIGURE 12.3.17. 


w(x) 
a 
| | 
| | 
| | 
| | 
a | +—————+ x 
L/3 2L/3 L 


FIGURE 12.3.17 Graph for Problem 50 


Computer Lab Assignments 


In Problems 51 and 52, use a CAS to graph the partial sums 

{S\(x)} of the given trigonometric series. Experiment with dif- 

ferent values of N and graphs on different intervals of the x-axis. 

Use your graphs to conjecture a closed-form expression for a 

function f defined for 0 < x < L that is represented by the series. 

L=2(=1)" 
n 


[oe] —1)’-] 
51. f(x) = 743)! = c sin nx 


os nx + 
7 


52. f(x) 1 a 4 = 1 (1 a ni 
. fx = — cos — } cos —x 
40 Pain 2 2 


Discussion Problems 


53. Is your answer in Problem 51 or in Problem 52 unique? 
Give a function f defined on a symmetric interval about the 
origin (—a, a) that has the same trigonometric series as in 
Problem 51; as in Problem 52. 

54. Discuss why the Fourier cosine series expansion of f(x) = e*, 
0 <x < 7 converges to e * on the interval (—7, 0). 

55. Suppose f(x) = e*, 0 < x < 7 is expanded in a cosine series, 
and then f(x) = e*, 0 <x < 7 is expanded in a sine series. If 
the two series are added and then divided by 2 (that is, the 
average of the two series) we get a series with cosines and 
sines that also represents f(x) = e* on the interval (0, 77). Is 
this a full Fourier series of f? [Hint: What does the averaging 
of the cosine and sine series represent on the interval (—77, 0)?] 

56. Prove properties (a), (c), (d), (e), (f), and (g) in Theorem 
1233-4. 
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INTRODUCTION As we have seen in the preceding two sections, a real function f can be 
represented by a series of sines and cosines. The functions cos nx, n = 0, 1, 2, ... and sin nx, 
n= 1,2,... are real-valued functions of areal variable x. The three different real forms of Fourier 
series given in Definitions 12.2.1 and 12.3.1 will be exceedingly important in Chapters 13 and 
14 when we set about to solve linear partial differential equations. However, in certain applica- 
tions, for example, the analysis of periodic signals in electrical engineering, it is actually more 
convenient to represent a function fin an infinite series of complex-valued functions of a real 


variable x such as the exponential functions e”* n=0, 1,2, ..., and where / is the imaginary unit 
defined by i? = —1. Recall for x a real number, Euler’s formula 
e*=cosxt+isinx gives e ™=cosx—isinx. (1) 


In this section we are going to use the results in (1) to recast the Fourier series in Definition 12.2.1 
into a complex form or exponential form. We will see that we can represent a real function by 
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a complex series: a series in which the coefficients are complex numbers. To that end, recall that 
a complex number is a number z = a + ib, where a and D are real numbers, and i? = —1. The 
number z = a — ibis called the conjugate of z. 


Hi Complex Fourier Series If we first add the two expressions in (1) and solve for cos x 
and then subtract the two expressions and solve for sin x, we arrive at 
ix 4 ix Be Sa 
cos x = ee and sinx = —— (2) 
2 21 
Using (2) to replace cos(n7rx/p) and sin(n7rx/p) in (8) of Section 12.2, the Fourier series of a 
function f can be written 


einax/p 4 e intx/P eintx/p _ | 


do eS 
—+ +b 
2 Sle, 2 ? 2i 
a Ss] 1 1 F 
ae Aa = err? + —(@, + inge-wv| 


n=1 


CO co 
Sout See? > Sicse Pr, (3) 
n=1 n=1 


where Cy) = 4dp, C, = 3(a, — ib,), and c_, = 3(a, + ib,). The symbols do, a,,, and b, are the coef- 
ficients (9), (10), and (11) respectively, in Definition 12.2.1. When the function fis real, c,, and 
c_, are complex conjugates and can also be written in terms of complex exponential functions: 


L 
Co = oy Fo) dx, (4) 


Le ‘b,) (4 Fe ni a 2 | p00 | nr ax) 
C, = ~(a, — ib,) = =| x) cos —x dx — i- x) sin — x 
2 2\P J-5 P P Jp Pp 


imi nt bas Oe 
= —| f(x)| cos —x — isin — x] dx 
2pJ-p Pp Pp 


1/” 
= ral Fae hr ai, (5) 
=P 


eo) (4 [ f09 "ede +i] fea) sin ™ ax) 
Cy = DQ 1D,) = \ x) cos —— x dx am x) sin —— x dx 
2 2 P J-p P P J-p P 


iif ni _. nw 
= — | f(x)| cos —x + isin—x| dx 
2p J-p P P 


Pp 

= | f(x) ei™/? dx. (6) 
2p Jp 

Since the subscripts of the coefficients and exponents range over the entire set of integers... —3, 

—2,—-1,0, 1, 2,3, ..., we can write the results in (3), (4), (5), and (6) in a more compact manner 

by summing over both the negative and nonnegative integers. In other words, we can use one 

summation and one integral that defines all three coefficients cp, c,, and c_,,. 


Definition 12.4.1 Complex Fourier Series 


The complex Fourier series of functions f defined on an interval (—p, p) is given by 


fo = > cer”, (7) 


hf Saath 32 


iii : 
where a= | Fe ede. mW a10, = 1, =? (8) 
2p)» 
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If f satisfies the hypotheses of Theorem 12.2.1, a complex Fourier series converges to f(x) at 
a point of continuity and to the average 


f+) + f@—) 
2 


at a point of discontinuity. 


| EXAMPLE1 | Complex Fourier Series 


Expand f(x) = e *, —a7 <x < 7, in acomplex Fourier series. 
SOLUTION With p = 7, (8) gives 


a ; i a 
| e *e7inx dx _— =| eins Dx dx 


n 
Qa a )_ 


o 
II 


=o T 


1 . . 
= -—— [eran _ gine] 
27(in + 1) 


We can simplify the coefficients c,, somewhat using Euler’s formula: 


e (")™ = e-(cos na — isinna) = (—1)"e7 


and el Dt = e™(cos nm + i sinnm) = (—1)"e", 
since cos n7 = (—1)" and sin na = 0. Hence 


ne —e") , sinh 7 1 — in 
C= (-lyY (-1) z . 
2(in + 1)ar T n+) 


(9) 


The complex Fourier series is then 


i= mn y (=1)" 1 — in 


2 
i= 08 n+) 


em, (10) = 


The series (10) converges to the 27r-periodic extension of f- 

You may get the impression that we have just made life more complicated by introducing a com- 
plex version of a Fourier series. The reality of the situation is that in areas of engineering, the form 
(7) given in Definition 12.4.1 is sometimes more useful than that given in (8) of Definition 12.2.1. 


Hi Fundamental Frequency The Fourier series in Definitions 12.2.1 and 12.4.1 define a 
periodic function and the fundamental period of that function (that is, the periodic extension 
of f) is T = 2p. Since p = T/2, (8) of Section 12.2 and (7) become, respectively, 


a oo 7 . 
= + SG, cos nwx + b, sin nwx) and s c,e i, (11) 


n=1 n=-—oo 


where number w = 27/T is called the fundamental angular frequency. In Example | the pe- 
riodic extension of the function has period T = 27; the fundamental angular frequency is 
ow = 27/27 = 1. 


Il Frequency Spectrum In the study of time-periodic signals, electrical engineers find 
it informative to examine various spectra of a wave form. If fis periodic and has fundamental 
period T, the plot of the points (na, Ic,|), where w is the fundamental angular frequency and the 
c, are the coefficients defined in (8), is called the frequency spectrum of /- 


| EXAMPLE2 | Frequency Spectrum 


In Example 1, w = 1 so that nw takes on the values 0, +1, +2,.... Usingla + i8|= Va’ + B’, 
we see from (9) that 


sinh 77 1 
7 Vr + 1 


Ion] = 
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Ic, The following table shows some values of n and corresponding values of c,,. 


3.5 n =3 =] 0 1 2 3 
re ICn| 1.162 1.644 2.599 3.676 2.599 1.644 1.162 

2 The graph in FIGURE 12.4.1, lines with arrowheads terminating at the points, is a portion of the 
15 frequency spectrum of f. = 


1 
te Oe Ie ss | Frequency Spectrum 


Find the frequency spectrum of the periodic square wave or periodic pulse shown in FIGURE 12.4.2. 


30 20 —o 0 o 20 30 
frequency 


The wave is the periodic extension of the function f: 


FIGURE 12.4.1 Frequency spectrum of fin 
Example 2 


FIGURE 12.4.2 Periodic pulse in 
Example 3 


\ 
pa * That is, 


0.3 
\ 
i 0.2) \ 
| \ 
| fo. \ oN 
aN | effin Vive 
oO 


0, -3<x<-} 
io=41, =<as2 
0, Ae Sy 


SOLUTION HereT = 1=2psop =3.Sincefis0 on the intervals (—5, —}) and (4, ), (8) becomes 


1/2 1/4 
= | f(x) e2in™™ dy ~~ | i e2innx dx 


-1/2 -1/4 
e2inax 1/4 
2int | 1/4 


1 eint/2 —e int /2 


nit 2i 


1 


_ nt 
=—sn— <by(2) 


nt 2 


Since the last result is not valid at n = 0, we compute that term separately: 


1/4 1 
Co = dx = —. 
% ° la 2 
oeceeee : ass sabia The following table shows some of the values of Ic,, and FIGURE 12.4.3 shows the 
FIGURE 12.4.3 Frequency spectrum of fin n <2 = ~2 = 0 ! 2 3 4 5 
Example 3 il 1 1 1 1 1 
lel _ > = eo = 
Sa 377 7 2 7 37 Sa 


frequency spectrum of f Since the fundamental frequency is w = 27/T = 27, the units nw on the 
horizontal scale are +277, +477, +677, .... The curved dashed lines were added in Figure 12.4.3 
to emphasize the presence of the zero values of Ic, when n is an even nonzero integer. = 


| 12.4 | |Exercises| Answers to selected odd-numbered problems begin on page ANS-30. 


In Problems 1-6, find the complex Fourier series of fon the 
given interval. 


—2<x<0 
O0<x<2 


-1, 
1 feo= 4) 


0, O<x<il 
va = 
FO) {° i<x<2 
0, -3;<x<0 
3 fm=<41, O<x<t 
0 t<x<} 


0, -7<x<0 
sponte Gores 


5. f(x) =x,0<x<27 6. f@~=e"™,-1l<x<1 


7. Find the frequency spectrum of the periodic wave that is the 
periodic extension of the function fin Problem 1. 

8. Find the frequency spectrum of the periodic wave that is the 
periodic extension of the function fin Problem 3. 


In Problems 9 and 10, sketch the given periodic wave. Find the 
frequency spectrum of f- 


9. f(x) =4sinx,0 <x <a: f(x + 7) = f(x) [Hint: Use (2).] 


1. fey = {%* OES TI pee +m) = FO) 
oa 0, m/2<x<q7 le . 
11. (a) Show that a, = c,, + c_, and b, = i(c, — c_,). 


(b) Use the results in part (a) and the complex Fourier series 

in Example | to obtain the Fourier series expansion of f 

12. The function fin Problem | is odd. Use the complex Fourier 
series to obtain the Fourier sine series expansion of f 
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125 | Sturm—Liouville Problem 


INTRODUCTION For convenience we present here a brief review of some of the ordinary 


differential equations that will be of importance in the sections and chapters that follow. 


Linear equations 


General solutions 


y’ + ay = 0, 
y" +a°y=0, a>O 


” 


y"-ay=0, a>0 


Cauchy—Euler equation 


ax 


y=cye 
y = c, cos ax + c) sin ax 
: =ce “+ oe", or 


y = c, coshax + c, sinh ax 


General solutions, x > 0 


x’y" + xy’ —a’y=0, a=0 


Parametric Bessel equation (v = 0) 


ie =cx “+ex%, at 
y=c, + clnx, a=0 


General solution, x > 0 


xy" + y' + arxy = 0 


Legendre’s equation 
(n = 0, 1, 2, ...) 


y = cJo(ax) + C2¥o(ax) 


Particular solutions 
are polynomials 


(1 — x*)y" — 2xy’ + n(n + Dy =0 


y = P(x) = 1, 


y = P(x) =x, 
y = Px) = 53x? — 1),... 


Regarding the two forms of the general solution of y" — a’y = 0, we will, in the future, employ 
the following informal rule: 


This rule will be useful in le 


Chapters 13. and 14 Use the exponential form y = cye “ + c,e when the domain of x is an infinite or 


semi-infinite interval; use the hyperbolic form y = c, cosh ax + cy sinh ax when the domain 
of x is a finite interval. 


Hi Eigenvalues and Eigenfunctions Orthogonal functions arise in the solution of dif- 
ferential equations. More to the point, an orthogonal set of functions can be generated by solving 
a two-point boundary-value problem involving a linear second-order differential equation con- 
taining a parameter A. In Example 2 of Section 3.9 we saw that the boundary-value problem 


y'+ay=0, yO)=0, yL)=9, (1) 


possessed nontrivial solutions only when the parameter A took on the values A,, = n?2r°/L’, 
n = 1, 2,3,... called eigenvalues. The corresponding nontrivial solutions y = cy sin(n7x/L) or 
simply y = sin(n7rx/L) are called the eigenfunctions of the problem. For example, for (1) we have 


not an eigenvalue 


1 
BVP: y"+5y=0, y(0)=0, y(L)=0 


Solution is trivial: y = 0. 
is an eigenvalue (n = 2) 


fe 4a 
BVP: y"+ ce 0, y0O)=0, ywL)=0 


Solution is nontrivial: y = sin(27x/L). 
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For our purposes in this chapter it is important to recognize the set of functions generated by this 
BVP; that is, {sin(n7x/L)},n = 1,2, 3, ..., is the orthogonal set of functions on the interval [0, ZL] 
used as the basis for the Fourier sine series. 


| EXAMPLE1 | Eigenvalues and Eigenfunctions 


It is left as an exercise to show, by considering the three possible cases for the parameter A 
(zero, negative, or positive; that is, A = 0, A = —a* <0,a>0,and A = a? > 0, a > 0), that 
the eigenvalues and eigenfunctions for the boundary-value problem 


y’+aAy=0, y(0)=0, y(L=0 (2) 


are, respectively, A,, = a =n 7’/L’,n=0,1,2,..., and y=c,cos(n7rx/L), c, # 0. Incontrast 
to (1), Ap = Ois an eigenvalue for this BVP and y = | is the corresponding eigenfunction. The 
latter comes from solving y” = 0 subject to the same boundary conditions y’(0) = 0, y’(LZ) = 0. 
Note also that y = 1 can be incorporated into the family y = cos (n7rx/L) by permitting n = 0. 
The set {cos (n7x/L)}, n = 0, 1, 2, 3, ..., is orthogonal on the interval [0, L]. See Problem 3 


in Exercises 12.5. = 


Hi Regular Sturm-Liouville Problem The problems in (1) and (2) are special cases of an 
important general two-point boundary-value problem. Let p, g, r, and r’ be real-valued functions 
continuous on an interval [a, b], and let r(x) > 0 and p(x) > 0 for every x in the interval. Then 


Solve: < [r@x)y’] + (q@x) + Ap@))y = 0 (3) 
Subject to: Aj,y(a) + B,y'(a) =0 (4) 
A,y(b) + By'(b) = 0 (5) 


is said to be a regular Sturm-—Liouville problem. The coefficients in the boundary conditions (4) 
and (5) are assumed to be real and independent of A. In addition, A, and B, are not both zero, and A, 
and B, are not both zero. The boundary-value problems in (1) and (2) are regular Sturm—Liouville 
problems. From (1) we can identify r(x) = 1, g@) = 0, and p(x) = 1 in the differential equation (3); 
in boundary condition (4) we identify a = 0, A, = 1, B, = 0, andin (5), b = L, A, = 1, B) = 0. From 
(2) the identifications would be a = 0, A, = 0, B, = 1 in (4), and b = L, A, = 0, By = 1 in (5). 

The differential equation (3) is linear and homogeneous. The boundary conditions in (4) and (5), 
both a linear combination of y and y’ equal to zero at a point, are also called homogeneous. A 
boundary condition such as A,y(b) + Byy'(b) = Cz, where C, is a nonzero constant, is non- 
homogeneous. Naturally, a boundary-value problem that consists of a homogeneous linear dif- 
ferential equation and homogeneous boundary conditions is said to be homogeneous; otherwise 
it is nonhomogeneous. The boundary conditions (4) and (5) are said to be separated because 
each condition involves only a single boundary point. Boundary conditions are referred to as 
mixed if each condition involves both boundary points x = a and x = b. For example, the periodic 
boundary conditions y(a) = y(b), y'(a) = y'(b) are mixed boundary conditions. 

Because a regular Sturm—Liouville problem is a homogeneous BVP, it always possesses the trivial 
solution y = 0. However, this solution is of no interest to us. As in Example 1, in solving sucha problem 
we seek numbers A (eigenvalues) and nontrivial solutions y that depend on A (eigenfunctions). 


I Properties Theorem 12.5.1 is a list of some of the more important of the many properties 
of the regular Sturm—Liouville problem. We shall prove only the last property. 


Theorem 12.5.1 —‘ Properties of the Regular Sturm-Liouville Problem 


(a) There exist an infinite number of real eigenvalues that can be arranged in increasing 
order A; < A, <Az3 <-+:- <A, <-+: such that A, > co as n> 00. 

(b) For each eigenvalue there is only one eigenfunction (except for nonzero constant 
multiples). 


(c) Eigenfunctions corresponding to different eigenvalues are linearly independent. 
(d) The set of eigenfunctions corresponding to the set of eigenvalues is orthogonal with 
respect to the weight function p(x) on the interval [a, b]. 
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y=tanx 


FIGURE 12.5.1 Positive roots of 


tan x = —x in Example 2 
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PROOF OF (d): Let y,, and y,, be eigenfunctions corresponding to eigenvalues A,, and A, 
respectively. Then 


d 

dx [r@yn] + (q(x) + AmPOWm =0 (6) 
LX 
d , 

rs [Ir@)yn] + (q@) + A,pO))y, = 0. (7) 


Multiplying (6) by y, and (7) by y,, and subtracting the two equations gives 


d , d f 
(Am — An)PQOYmYn = Yn ae [r@) yn] — Yn a [rym]. 


Integrating this last result by parts from x = a to x = b then yields 


b 


Ong 2p | POY Yn AX = 1(b) Ln(b) y, (b) — y,(b)y,1 (BY) 
‘ — r(alyn(a)y; (a) — yay, (a)]. (8) 


Now the eigenfunctions y,, and y,, must both satisfy the boundary conditions (4) and (5). In 
particular, from (4) we have 


A\Yn(@) ate Biy,, (a) =0 
Avy, (a) on Buy, (a) = 0. 


For this system to be satisfied by A, and B,, not both zero, the determinant of the coefficients 
must be zero: 


Yn) Yn (A) — Yn(@) Ym (a) = 0. 
A similar argument applied to (5) also gives 
Yl) Yn (B) — Yn(B)¥n(b) = 0. 


Using these last two results in (8) shows that both members of the right-hand side are zero. Hence 
we have established the orthogonality relation 


b 
| PRX®)Vn)Vn@) dx = 0, Am # An (9) = 


It can also be proved that the orthogonal set of eigenfunctions {y,(x), yo(x), y3(), ...} of a 
regular Sturm—Liouville problem is complete on [a, b]. See page 675. 


| EXAMPLE2 | A Regular Sturm—Liouville Problem 


Solve the boundary-value problem 
y’t+ay=0, y0O)=0, yl) t+ yl) = 90. (10) 


SOLUTION You should verify that for A = 0 and for A = —a* < 0, where a > 0, the BVP 
in (10) possesses only the trivial solution y = 0. For A = a? > 0, a > 0, the general solution 
of the differential equation y” + a’y = 0 is y = c,cos ax + c,sin ax. Now the condition 
y(0) = 0 implies c,; = 0 in this solution and so we are left with y = c, sin ax. The second 
boundary condition y(1) + y’(1) = 0 is satisfied if 


Cc) sina + c,acosa = 0. 
Choosing c, # 0, we see that the last equation is equivalent to 
tana = —a. (11) 


If we let x = a@ in (11), then FIGURE 12.5.1 shows the plausibility that there exists an infinite 
number of roots of the equation tan x = —x, namely, the x-coordinates of the points where 
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the graph of y = — x intersects the branches of the graph of y = tan x. The eigenvalues of 
problem (10) are then A,, = a2, where a, n = 1, 2, 3, ..., are the consecutive positive roots 
Ql}, >, A3, ... of (11). With the aid of a CAS it is easily shown that, to four rounded decimal 
places, a; = 2.0288, ay = 4.9132, a3 = 7.9787, and a, = 11.0855, and the corresponding 
solutions are y; = sin 2.0288x, yy = sin 4.9132x, y3 = sin 7.9787x, and y, = sin 11.0855x. 
In general, the eigenfunctions of the problem are {sin a,x}, = 1,2,3,.... 

With identifications r(x) = 1, g(x) = 0, p@) = 1, A, = 1, B,; = 0, Ay = 1, and B, = | we 
see that (10) is a regular Sturm—Liouville problem. Thus {sin a,x}, = 1, 2,3, ... is an or- 


thogonal set with respect to the weight function p(x) = | on the interval [0, 1]. = 


In some circumstances we can prove the orthogonality of the solutions of (3) without the 
necessity of specifying a boundary condition at x = a and at x = b. 


Hi Singular Sturm—Liouville Problem There are several other important conditions 
under which we seek nontrivial solutions of the differential equation (3): 


¢ r(a) = 0 and a boundary condition of the type given in (5) is specified at x = b; (12) 
e r(b) = 0 and a boundary condition of the type given in (4) is specified at x = a; (13) 
° r(a) =r(b) = Oand no boundary condition is specified at either x = aor atx =b; (14) 
° r(a) = r(b) and boundary conditions y(a) = y(b), y'(a) = y'(b). (15) 


The differential equation (3) along with one of conditions (12) or (13) is said to be a singular 
boundary-value problem. Equation (3) with the conditions specified in (15) is said to be a 
periodic boundary-value problem because the boundary conditions are periodic. Observe that 
if, say, r(a) = 0, then x = a may be a singular point of the differential equation, and consequently 
a solution of (3) may become unbounded as x — a. However, we see from (8) that if r(a) = 0, 
then no boundary condition is required at x = a to prove orthogonality of the eigenfunctions 
provided these solutions are bounded at that point. This latter requirement guarantees the existence 
of the integrals involved. By assuming the solutions of (3) are bounded on the closed interval [a, b] 
we can see from inspection of (8) that 


e Ifr(a) = 0, then the orthogonality relation (9) holds with no boundary 


condition at x = a; (16) 
e Ifr(b) = 0, then the orthogonality relation (9) holds with no boundary 

condition at x = b*; (17) 
¢ Ifr(a) = r(b) = 0, then the orthogonality relation (9) holds with no boundary 

conditions specified at either x = a or x = b; (18) 
¢ Ifr(a) = r(b), then the orthogonality relation (9) holds with the periodic 

boundary conditions y(a) = y(b), y'(a) = y'(b). (19) 


ioe d 
il Self-Adjoint Form If we carry out the differentiation - [r(x)y’], the differential 
equation in (3) is the same as a 


r(xyy" + r'Q@xy’ + (q(x) + Ap(x))y = 0. (20) 


For example, Legendre’s differential equation (1 — x?)y” — 2xy’ + n(n + ly = 0 is exactly 
of the form given in (20) with r(x) = 1 — x? and r'(x) = —2x. In other words, another way of 
writing Legendre’s DE is 


Ara — x’)y'] + nn + Dy = 0. (21) 
dx 


But if you compare other second-order DEs (say, Bessel’s equation, Cauchy—Euler equations, 
and DEs with constant coefficients) you might believe, given the coefficient of y’ is the derivative 
of the coefficient of y’, that few other second-order DEs have the form given in (3). On the con- 
trary, if the coefficients are continuous and a(x) ¥ 0 for all x in some interval, then any second- 
order differential equation 


a(x)y” + b(x)y’ + (ex) + Ad(x))y = 0 (22) 


*Conditions (16) and (17) are equivalent to choosing A, = 0, B, = 0 in (4), and A, = 0, B, = 0 in (5), 
respectively. 
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Note. > 


can be recast into the so-called self-adjoint form (3). To see this, we proceed as in Section 2.3 
where we rewrote a linear first-order equation a,(x)y’ + do(x)y = 0 in the form —[py] = 0 by 


dividing the equation by a,(x) and then multiplying by the integrating factor uy = e/? where, 


assuming no common factors, P(x) = do(x)/a,(x). So first, we divide (22) by a(x). The first two 
b 

terms are then Y’ + oy + --- where, for emphasis, we have written Y = y’. Second, we mul- 
a(x 


tiply this equation by the integrating factor e!/“)*, where a(x) and b(x) are assumed to have 
no common factors 


ef e/a) dx y'+ PO) | Joo/acsyds-y fees AF gsio1sfatsyas Y] fees AF efioojacoyary 9 fee 
a(x) dx dx 


a 


derivative of a product 
In summary, by dividing (22) by a(x) and then multiplying by e!/““) we get 


el@/ad yn a PO) pfoladey) 4 (22 sone + a = 0. (23) 
a(x) a(x) a(x) 


Equation (23) is the desired form given in (20) and is the same as (3): 


a esmny | + (2 esblajdx 4 a cian) = (0), 
a(x) 


dx a(x) 
r(x) q(x) P(x) 
For example, to express 3y" + 6y’ + Ay = 0 in self-adjoint form, we write y” + 2y’ + Aty = 0 
and then multiply by e/?“ = e*. The resulting equation is 
r(x) r(x) D(x) 
1 1 y 
ey" + 2e*y’ + ee =0 or a [e*y'] + Ke =0 
a dx 3 


Itis certainly not necessary to put a second-order differential equation (22) into the self-adjoint 
form (3) in order to solve the DE. For our purposes we use the form given in (3) to determine the 
weight function p(x) needed in the orthogonality relation (9). The next two examples illustrate 
orthogonality relations for Bessel functions and for Legendre polynomials. 


| EXAMPLE3 | Parametric Bessel Equation 


In Section 5.3 we saw that the general solution of the parametric Bessel differential equation 
x?y" + xy’ + (a2x? — n’)y = 0,n = 0, 1,2, ... is y = c,J,(ax) + oY, (ax). After dividing the 
parametric Bessel equation by the lead coefficient x” and multiplying the resulting equation 


JU/x)dx Inx 


by the integrating factor e =e" = x,x > 0, we obtain the self-adjoint form 


a 
xy” + yl + Ge - ") 


where we identify r(x) = x, g(x) = —n’/x, p(x) = x, and A = a. Now r(0) = 0, and of the 
two solutions J,(ax) and Y,,(a@x) only J,(ax) is bounded at x = 0. Thus in view of (16) above, 
the set {J,(a;x)},i = 1, 2,3, ..., is orthogonal with respect to the weight function p(x) = x on 
an interval [0, b]. The orthogonality relation is 


d 2 
0 or p's + (as - “y = 0, 


b 
| XI,(a;:X)J,(aj;x) dx =0, A; #A;, (24) 
0 
provided the a;, and hence the eigenvalues A; = a, i= 1,2,3,..., are defined by means of 
a boundary condition at x = b of the type given in (5): 
A,J,(Ab) + BoaJ(ab) = 0. (25) 
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The extra factor of a in (25) comes from the Chain Rule: 


d d 
— J, (ax) = J, (ax) — ax = al, (ax). = 
dx dx 

For any choice of A, and B;, not both zero, it is known that (25) has an infinite number of roots 
x; = a,b. The eigenvalues are then A; = a? = (x;/b)’. More will be said about eigenvalues in the 
next chapter. 


| EXAMPLE4 | Legendre’s Equation 


From the result given in (21) we can identify g(x) = 0, p(x) = 1, and A = n(n + 1). Recall 
from Section 5.3 when n = 0, 1, 2, ... Legendre’s DE possesses polynomial solutions P,,(x). 
Now we can put the observation that r(—1) = r(1) = 0 together with the fact that the 
Legendre polynomials P,,(x) are the only solutions of (21) that are bounded on the closed 
interval [—1, 1], to conclude from (18) that the set {P,,(x)}, n = 0, 1, 2, ..., is orthogonal with 
respect to the weight function p(x) = 1 on [—1, 1]. The orthogonality relation is 


1 
| P(X)P 2) ax = 0, MF nN. 
—1 


REMARKS 


(i) A Sturm—Liouville problem is also considered to be singular when the interval under 
consideration is infinite. See Problems 9 and 10 in Exercises 12.5. 

(ii) Even when the conditions on the coefficients p, g, r, and r’ are as assumed in the regular 
Sturm-—Liouville problem, if the boundary conditions are periodic, then property (b) of 
Theorem 12.5.1 does not hold. You are asked to show in Problem 4 of Exercises 12.5 that 
corresponding to each eigenvalue of the BVP 


VN 0 yD Vy (ae) () 


there exist two linearly independent eigenfunctions. 


| 12.5 | Exercises Answers to selected odd-numbered problems begin on page ANS-30. 


In Problems 1 and 2, find the eigenfunctions and the equation 5. Find the square norm of each eigenfunction in Problem 1. 
that defines the eigenvalues for the given boundary-value 6. Show that for the eigenfunctions in Example 2, 

problem. Use a CAS to approximate the first four eigenvalues 
A,, Az, A3, and Ay. Give the eigenfunctions corresponding to 


1 
|| sin @,x|/? = =[1 + cos’a,]. 
these approximations. 2 


1. y+ Ay =0, y'(0) =0, y(1) + y'(1) = 0 7. (a) Find the eigenvalues and eigenfunctions of the boundary- 
2. y’+ Ay =0, y(0) + y'(0) = 0, y1) = 0 value problem 
3. Consider y” + Ay = 0 subject to y’(0) = 0, y’(L) = 0. Show aH j _ = _ 
) + xy’ + Ay= i= =0. 
that the eigenfunctions are on a a a 


(c) Give an orthogonality relation. 
8. (a) Find the eigenvalues and eigenfunctions of the boundary- 
value problem 


y ty pay =0, 90) =0, yQ)=0. 


nt (b) Put the differential equation in self-adjoint form. 
f cos — x, Cos —X, } 


This set, which is orthogonal on [0, L], is the basis for the 
Fourier cosine series. 
4. Consider y” + Ay = 0 subject to the periodic boundary condi- 


tions y(—L) = y(L), y'(—L) = y'(L). Show that the eigenfunc- (b) Put the differential equation in self-adjoint form. 


tions are (c) Give an orthogonality relation. 
a ? . 
Da _ oe... ae . Laguerre’s differential equation 
1, cos — x, cos ——x, ..., SIN — x, sin ——x, sin ——x, ... 7. ‘, ‘ 
L L L L Es xy’ +(1-xy +ny=0, n=0,1,2,..., 


This set, which is orthogonal on [—L, L], is the basis for the 
Fourier series. 


has polynomial solutions L,,(x). Put the equation in self-adjoint 
form and give an orthogonality relation. 
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10. Hermite’s differential equation 


y” — 2xy'’ + 2ny 


= 0, 


Discussion Problem 


BN Mah 13. Consider the special case of the regular Sturm—Liouville 


has polynomial solutions H,,(x). Put the equation in self-adjoint problem on the interval [a, b]: 


form and give an orthogonality relation. 
. Consider the regular Sturm—Liouville problem: 


<1 + xy!) + 


(a) Find the eigenvalues and eigenfunctions of the boundary- 
value problem. [Hint: Let x = tan @ and then use the 


(b) Give an orthogonality relation. 
(a) Find the eigenfunctions and the equation that defines the 
eigenvalues for the boundary-value problem 


(b) Use Table 5.3.1 of Section 5.3 to find the approximate 
values of the first four eigenvalues A,, A», A3, and Ay. 
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1+ x? 


Chain Rule.] 


y=0, 


d 
Grey’) + ApP@y = 0, y'@=0, yb) = 0. 
y(0) = 0, y(1) = 0. Is A = 0 an eigenvalue of the problem? Defend your answer. 


Computer Lab Assignments 


14. (a) Give an orthogonality relation for the Sturm—Liouville 
problem in Problem 1. 
(b) Use a CAS as an aid in verifying the orthogonality rela- 
tion for the eigenfunctions y, and y, that correspond to 
the first two eigenvalues A, and A,, respectively. 


xy" + xy’ + (Ax? — Dy = 0, 15. (a) Give an orthogonality relation for the Sturm—Liouville 


yis bounded atx=0, y(3) =0. (b) 


problem in Problem 2. 

Use a CAS as an aid in verifying the orthogonality rela- 
tion for the eigenfunctions y, and y, that correspond to 
the first two eigenvalues A, and A,, respectively. 
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INTRODUCTION  Pourier series, Fourier cosine series, and Fourier sine series are three ways 
of expanding a function in terms of an orthogonal set of functions. But such expansions are by 
no means limited to orthogonal sets of trigonometric functions. We saw in Section 12.1 that a 
function f defined on an interval (a, b) could be expanded, at least in a formal manner, in terms 
of any set of functions {¢,(x)} that is orthogonal with respect to a weight function on [a, b]. 
Many of these orthogonal series expansions or generalized Fourier series derive from Sturm— 
Liouville problems that, in turn, arise from attempts to solve linear partial differential equations 
serving as models for physical systems. Fourier series and orthogonal series expansions (the 
latter includes the two series considered in this section) will appear in the subsequent consider- 
ation of these applications in Chapters 13 and 14. 


12.6.1 Fourier—Bessel Series 


We saw in Example 3 of Section 12.5 that for a fixed value of n the set of Bessel functions 


{J,(a;x)},i = 1, 2,3, ..., 1s orthogonal with respect to the weight function p(x) = x on an inter- 
val [0, b] when the a; are defined by means of a boundary condition of the form 
AJ, (ab) + BraJ,(ab) = 0. (1) 


The eigenvalues of the corresponding Sturm—Liouville problem are A; = a}. From (7) and (8) 
of Section 12.1 the orthogonal series expansion or generalized Fourier series of a function f 
defined on the interval (0, b) in terms of this orthogonal set is 


oe) 


f(x) = > CJ (Qi X), (2) 


i=1 


b 
where ee Sox Ta; DFO) de 5 
|| Jno; x)|P 


The square norm of the function J,,(a@;x) is defined by (11) of Section 12.1: 


b 
I] F(a) |? a | xJ? (a,x) dx. (4) 
0 


The series (2) with coefficients (3) is called a Fourier—Bessel series. 
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Hi Differential Recurrence Relations The differential recurrence relations that were 
given in (22) and (23) of Section 5.3 are often useful in the evaluation of the coefficients (3). For 
convenience we reproduce those relations here: 


= [x"J,(x)] = x"J,,— 100) (5) 
dx 

d._ = 

me "LO | = =F Said (6) 
X 


|| Square Norm The value of the square norm (4) depends on how the eigenvalues 
A; = a? are defined. If y = J,(ax), then we know from Example 3 of Section 12.5 that 


d 2 
me! + (« - =p = 0. 
After we multiply by 2xy’, this equation can be written as 
d ; d 
- [a eee = 2) ply = 0. 


Integrating the last result by parts on [0, b] then gives 


i b 
20° xy? dx = (torF + (a?x? — ry?) : 
0 0 
Since y = J,(ax), the lower limit is zero for n > O because J,(0) = 0. For n = 0, the quantity 
[xy'P + a’x’y’ is zero at x = 0. Thus 


b 
22° xJ7(ax) dx = a?b*[ J) (ab)? + (a?b? — n*)[J,(ab)/, (7) 
0 


where we have used the Chain Rule to write y’ = aJ/(ax). 
We now consider three cases of the boundary condition (1). 


Case I: If we choose A, = 1 and B, = 0, then (1) is 
J,(ab) = 0. (8) 


There are an infinite number of positive roots x; = a,b of (8) (see Figure 5.3.1) that 
define the a; as a; = x;/b. The eigenvalues are positive and are then A; = a? = x7 /b’. 
No new eigenvalues result from the negative roots of (8) since J,(—x) = (—1)"J,,(x). 
(See page 284.) The number 0 is not an eigenvalue for any n since J,(0) = O for 
n= 1, 2,3, ... and J)(0) = 1. In other words, if A = 0, we get the trivial function 
(which is never an eigenfunction) for n = 1, 2,3, ..., and forn = 0, A = 0 (or 
equivalently, a = 0) does not satisfy the equation in (8). When (6) is written in the 
form xJ}(x) = nJ,(x) — xJ,,41(0), it follows from (7) and (8) that the square norm 


of J,(a;x) is 
b2 
|| Jn(aix)|P = Jn slab). (9) 
Case IT: If we choose A, = h = 0, B, = BD, then (1) is 
hJ,(ab) + abs (ab) = 0. (10) 


Equation (10) has an infinite number of positive roots x; = a,b for each positive in- 
tegern = 1,2,3, .... As before, the eigenvalues are obtained from A; = a? = x? /b’. 
A = Ois not an eigenvalue for n = 1, 2, 3, .... Substituting a;bJ/(a,b) = —hJ, (a,b) 
into (7), we find that the square norm of J,,(a;x) is now 


arb? — nw +h? 


lJnCeeex)|P = 5 Ti(@;b). (11) 
2a; 
Case LIT: If h = 0 and n = 0 in (10), the a; are defined from the roots of 
Ji(ab) = 0. (12) 
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Even though (12) is just a special case of (10), it is the only situation for which A = 0 
is an eigenvalue. To see this, observe that for n = 0, the result in (6) implies that 
Jo(ab) = 0 is equivalent to J,\(a@b) = 0. Since x, = a,b = Ois a root of the last equa- 
tion, a, = 0, and because J(0) = 1 is nontrivial, we conclude from A, = at = x7/b* 
that A, = Ois an eigenvalue. But obviously we cannot use (11) when a, = 0,4 = 0, 
and n = 0. However, from the square norm (4) we have 


b pb? 
|? = | xdx = —. (13) 
0 2 
For a; > 0 we can use (11) with h = 0 and n = 0: 
b? 
IYol@.x) 7 = > Joli). (14) 


The following definition summarizes three forms of the series (2) corresponding to the square 
norms in the three cases. 


Definition 12.6.1 Fourier—Bessel Series 


The Fourier—Bessel series of a function f defined on the interval (0, b) is given by 


(i fo) = SeJ,ax) (15) 
i=1 
5) b 

Cee oon, xJ,(aj;x) f(x) dx, (16) 

where the a; are defined by J,(ab) = 0. 

(i) fo) = Sey,(a,2) (17) 
i=1 

aa | “ d. (18) 

Cer ea 


where the a; are defined by h/,(ab) + abJ)(ab) = 0. 


(ii fo) =e, + Sedo(aix) (19) 
= 
patie 2 z 
Gq = =! Xf) ax, GC, — — XJo(ajx) f(x) dx, (20) 


where the a; are defined by Jj(ab) = 0. 


Hi Convergence of a Fourier—Bessel Series Sufficient conditions for the convergence 
of a Fourier—Bessel series are not particularly restrictive. 


Theorem 12.6.1 Conditions for Convergence 


Let fand f’ be piecewise continuous on the interval [0, b]. Then for all x in the interval (0, b), 
the Fourier—Bessel series of f converges to f(x) at a point where fis continuous and to the 
average 


f+) + f@—) 
2 


at a point where fis discontinous. 
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6 065 1 15 2 25 3 
(a) S5(x), 0<x <3 


0 10 2 30 40 50 
(b) Sio(x), 0< x < 50 


FIGURE 12.6.1 Partial sums of a 
Fourier—Bessel series 


| EXAMPLE1 | Expansion in a Fourier—Bessel Series 


Expand f(x) = x, 0 < x < 3, in a Fourier—Bessel series, using Bessel functions of order one 
that satisfy the boundary condition J;(3a@) = 0. 


SOLUTION We use (15) where the coefficients c; are given by (16) with b = 3: 


2 


3 
an | x7, (a;x) dx. 


To evaluate this integral we let t = a;x, dx = dt/a;, x” = t*/a?, and use (5) in the form 


d 
. [17°J,(0)] = 07,0): 


2 
ci = 2 
Sai; J 5(3a%)) 


3a, 
id, 2 
t~J,(t) | dt = —————.. 
| ait 200) a Jy(3a;) 


Therefore the desired expansion is 
a 1 
=2 > ——~ J (ax). = 
ws = aJ2(3a;) sere 


You are asked to find the first four values of the a; for the foregoing Bessel series in Problem 1 
in Exercises 12.6. 


| EXAMPLE2 | Expansion in a Fourier—Bessel Series 


If the a, in Example 1 are defined by J;(3a@) + aJ{(3a@) = 0, then the only thing that changes 
in the expansion is the value of the square norm. Multiplying the boundary condition by 3 
gives 3J,(3a@) + 3aJ// (3a) = 0, which now matches (10) when A = 3, b = 3, andn = 1. Thus 
(18) and (17) yield, in turn, 


18a;,J,(3a;) 
Ci = 
(Qa; + 8)J{3a;) 


andl fo) = 185: aha) 


J (a;x). 
& Gab + 8) F3Ga) 


il Use of Computers Since Bessel functions are “built-in functions” in a CAS, it is a straight- 
forward task to find the approximate values of the a; and the coefficients c; in a Fourier—Bessel series. 
For example, in (9) we can think of x; = a,b as a positive root of the equation hJ,(x) + xJi(x) = 0. 
Thus in Example 2 we have used a CAS to find the first five positive roots x, of 3J,(x) + xJ{(x) =0 
and from these roots we obtain the first five values of a: a, = x,/3 = 0.98320, ay = x,/3 = 1.94704, 
a3 = X3/3 = 2.95758, ay = x,4/3 = 3.98538, and a; = x;/3 = 5.02078. Knowing the roots x; = 3a; 
and the a;, we again use a CAS to calculate the numerical values of J,(3a;), J{(3a;), and finally 
the coefficients c;. In this manner we find that the fifth partial sum S;(x) for the Fourier—Bessel 
series representation of f(x) = x, 0 <x <3 in Example 2 is 


S5(x) = 4.01844 J,(0.98320x) — 1.86937 J,(1.94704x) 
+ 1.07106 J,(2.95758x) — 0.70306 J,(3.98538x) + 0.50343 J,(5.02078x). 
The graph of S;(x) on the interval (0, 3) is shown in FIGURE 12.6.1(a). In Figure 12.6.1(b) we have 
graphed S,,(x) on the interval (0, 50). Notice that outside the interval of definition (0, 3) the series 


does not converge to a periodic extension of fbecause Bessel functions are not periodic functions. 
See Problems 11 and 12 in Exercises 12.6. 


12.6.2 Fourier-Legendre Series 


From Example 4 of Section 12.5 we know that the set of Legendre polynomials {P,(x)}, 
n= 0, 1, 2, ...,1s orthogonal with respect to the weight function p(x) = 1 on the interval [—1, 1]. 
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Furthermore, it can be proved that the square norm of a polynomial P,,(x) depends on n in the 
following manner: 


I 
Pigs) Fe = : 
PC) | [. n@) de = 


The orthogonal series expansion of a function in terms of the Legendre polynomials is summa- 
rized in the next definition. 


Definition 12.6.2 Fourier—-Legendre Series 


The Fourier—Legendre series of a function f defined on the interval (—1, 1) is given by 


fo) = Se,P,09, (21) 
n=0 
il 

where Cy = ao SOOP,(x) dx. (22) 
-1 


I Convergence of a Fourier—Legendre Series Sufficient conditions for convergence 
of a Fourier—Legendre series are given in the next theorem. 


Theorem 12.6.2 Conditions for Convergence 


Let f and f’ be piecewise continuous on the interval [—1, 1]. Then for all x in the interval 
(—1, 1), the Fourier—Legendre series of f converges to f(x) at a point where fis continuous and 
to the average 
f@+) + f@—) 
2 
at a point where fis discontinuous. 


| EXAMPLE3 | Expansion in a Fourier—Legendre Series 


Write out the first four nonzero terms in the Fourier-Legendre expansion of 


0, -l<x<0 
foy= {i O<x<1. 
SOLUTION The first several Legendre polynomials are listed on page 289. From these and 
(22) we find 
If iy 1 
“5 Fe S| = 
a )P\(x) d. ac d. : 
=—! f(x)P\(x) dx = =|] 1l-xdx = — 
cy 2\_; 1 3 |, 4 
af he 
2 5 Ee oh 7 3x” -ld=0 
= 2 4 nee | * (5x3 — 3x) dx = —4 
C3 5) ; X)EX. 2h, 2 Xx xX 16 
of" 9 
C4 = _ FOR) dx = — |, o 5 5x" — 30x? + 3)dx = 0 
4 wR ihrem se =o 
C5 5 _ (x) dx 21,18 x x x) dx 30° 


3 7 11 
Hence f@) = 5 Pics) + gli) — 16 3 +3 39 3) es 
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Like the Bessel functions, Legendre polynomials are built-in functions in computer algebra 
systems such as Mathematica and Maple, and so each of the coefficients just listed can be found 
using the integration application of such a program. Indeed, using a CAS, we further find that 
C6 = Oand c, = —£. The fifth partial sum of the Fourier—Legendre series representation of the 
function f defined in Example 3 is then 


1 3 7 11 65 
Bed 5 Fue ee 16 3 7 37 3) — 956 1): 


vl 0.5 0 0.5 1 The graph of S;(x) on the interval (—1, 1) is given in FIGURE 12.6.2. 


FIGURE 12.6.2 Partial sum S;(x) of 


Fourist-Lepehdre seriesin Bxample® || Alternative Form of Series In applications, the Fourier-Legendre series appears in 


an alternative form. If we let x = cos 0, then x = | implies 0 = 0, whereas x = —1 implies 6 = 77. 
Since dx = —sin 0 d6, (21) and (22) become, respectively, 


FG) = Se,P.(cos 6) (23) 
n=0 


an 1” ‘ 
= ra) F(0)P,(cos 8) sin 6 dé, (24) 
0 


where f(cos 0) has been replaced by F(@). 
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12.6.1 Fourier—Bessel Series 12. (a) Use the values of a; in part (c) of Problem 11 and a CAS 


: : to approximate the values of the first five coefficients c; 
In Problems 1 and 2, use Table 5.3.1 in Section 5.3. of the Fourier—Bessel series obtained in Problem 7. 


iF Find the first four a; > 0 defined by J,{(3a) = 0. (b) UseaCAS to graph the partial sums Sy(x), N = 1,2,3,4,5, 

2. Find the first four a; = 0 defined by Jo(2a) = 0. of the Fourier—Bessel series in Problem 7. 
In Problems 3-6, expand f(x) = 1, 0 <x < 2, in a Fourier- (c) If instructed, graph the partial sum Sjo(x) for 0 < x < 4 
Bessel series using Bessel functions of order zero that satisfy the and for 0 <x < 50. 
given boundary condition. . : 

Discussion Problems 

3. Jo(2a) = 0 4. Ji(2a) = 0 

5. Jo(2a) + 2aJ((2a)=0 6. Jo(2a) + aJ(2a) = 0 13. If the partial sums in Problem 12 are plotted on a symmetric 
In Problems 7—10, expand the given function in a Fourier— interval such as (—30, 30), would the graphs possess any sym- 
Bessel series using Bessel functions of the same order as in the metry? Explain. 
indicated boundary condition. 14. (a) Sketch, by hand, a graph of what you think the Fourier— 


Bessel series in Problem 3 converges to on the interval 
(=2,2): 

(b) Sketch, by hand, a graph of what you think the Fourier— 
Bessel series would converge to on the interval 
(—4, 4) if the values a; in Problem 7 were defined by 
3J,(4a) + 4aJ5(4a) = 0. 


7. f(x) = 5x, O0<x<4 8. fo=x, 021 
3J,(4a) + 4aJ;{(4a) = 0 J(a) = 0 

a fo) — 2s", VS x= 10. f@)=1-x7, 0<x<1 
Jj(3a) = 0 Jo(a) = 0 
[Hint: t° = t?- t.] 


Computer Lab Assignments 


12.6.2 Fourier—Legendre Series 


11. (a) Use a CAS to graph y = 3J,(x) + xJ{(x) on an interval so 

that the first five positive x-intercepts of the graph are shown. 

(b) Use the root-finding capability of your CAS to approxi- 
mate the first five roots x; of the equation 


3J{(x) + xJi(x) = 0. . {0} -Peee0 
(c) Use the data obtained in part (b) to find the first five LS ae xX, O0<x<1 
positive values of a; that satisfy 
16. f(x) =e*, -l<x<l 


34a) + 4aSi(4a) = 0. 17. The first three Legendre polynomials are Po(x) = 1, P)(x) = x, 
See Problem 7. and P,(x) = 5(3x? — 1). If x = cos 0, then Po(cos 8) = 1 and 
If instructed, find the first 10 positive values of a. P,(cos 8) = cos 0. Show that P,(cos @) = 53 cos 20 + 1). 


In Problems 15 and 16, write out the first five nonzero terms in 
the Fourier—Legendre expansion of the given function. If 
instructed, use a CAS as an aid in evaluating the coefficients. 
Use a CAS to graph the partial sum S;(x). 


(d 


—a 


12.6 Bessel and Legendre Series | 703 


18. Use the results of Problem 17 to find a Fourier—Legendre 
expansion (23) of F(@) = 1 — cos 20. 

19. A Legendre polynomial P,,(x) is an even or odd function, de- 
pending on whether 7 is even or odd. Show that if fis an even 
function on the interval (—1, 1), then (21) and (22) become, 


respectively, 
F) = Yseo4Pa) (25) 
n=0 
I 
Con = (4n + 1) | SO)P n(x) ax. (26) 
0 


20. Show that if fis an odd function on the interval (— 1, 1), then 
(21) and (22) become, respectively, 


PO) = Deon Pan vil) (27) 
n=0 
1 
Con+1 = (4n ate | SO)Pon + ix) dx. (28) 
0 


The series (25) and (27) can also be used when fis defined on only 
the interval (0, 1). Both series represent f on (0, 1); but on the in- 
terval (—1, 0), (25) represents an even extension, whereas (27) 
represents an odd extension. In Problems 21 and 22, write out the 
first four nonzero terms in the indicated expansion of the given 
function. What function does the series represent on the interval 
(—1, 1)? Use a CAS to graph the partial sum S4(x). 

21. f(x) =x, O<x< 1; (25) 

22. f(x) = 1, 0<x< 1; (27) 


Discussion Problems 


23. Why is a Fourier—Legendre expansion of a polynomial func- 
tion that is defined on the interval (— 1, 1) necessarily a finite 
series? 

24. Use your conclusion from Problem 23 to find the finite 
Fourier—Legendre series of f(x) = x7. The series of f(x) = x, 
Do not use (21) and (22). 


re | Chapter in Review | pter in Review Answers to selected odd-numbered problems begin on page ANS-30. 


In Problems 1-10, fill in the blank or answer true/false without 
referring back to the text. 


1. The functions f(x) = x? — Land g(x) = x? are orthogonal on 
the interval [—77, 77]. 

2. The product of an odd function f with an odd function g is an 

function. 

3. To expand f(x) = lxl + 1, -a <x < a, in an appropriate 
trigonometric series we would use a series. 

4. y = Ois never an eigenfunction of a Sturm—Liouville 
problem. 

5. A = 0 is never an eigenvalue of a Sturm—Liouville problem. 


6. If the function 


x+1, -l<x<0 
—x O0<x<l 


? 


fQ@) = { 


is expanded in a Fourier series, the series will converge to 
atx = —l,to at x = 0, and to atx = 1. 

7. Suppose the function f(x) = x? + 1,0 <x < 3, is expanded 
in a Fourier series, a cosine series, and a sine series. At x = 0, 
the Fourier series will converge to , the cosine series 
will converge to , and the sine series will converge to 


8. The corresponding eigenfunction for the boundary-value 
problem 


y’+aAy=0, y(0)=0, y(a/2) =0 


for A = 25 is : 

9. The set {P>,(x)},n = 0, 1, 2, ... of Legendre polynomials of 
even degree is orthogonal with respect to the weight function 
p(x) = 1 on the interval [0, 1]. 
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10. The set {P,,(x)},n = 0, 1, 2, ... of Legendre polynomials is 
orthogonal with respect to the weight function p(x) = 1 on the 
interval [—1, 1]. Hence, forn > 0, f',P, (x) dx = 

11. Without doing any work, explain why the cosine series 
of f(x) = cos” x, 0 <x < 7, is the finite series 


1 1 
F(x) = 3 + 3 098 2x. 


12. (a) Show that the set 


{ _ 7 . 39 . oT } 
sin —— x, sin x, sin ee 
2L 2L 2L 
is orthogonal on the interval [0, L]. 
(b) Find the norm of each function in part (a). Construct an 
orthonormal set. 
13. Expand f(x) = lxl — x, -—1 <x < 1, ina Fourier series. 
14. Expand f(x) = 2x? — 1, -1 <x < 1, ina Fourier series. 
15. Expand f(x) =e *,0<x< 1,inacosine series. Ina sine series. 
16. In Problems 13, 14, and 15, sketch the periodic extension of 
jf to which each series converges. 
17. Find the eigenvalues and eigenfunctions of the boundary-value 
problem 


xy" + xy! + Day = 0, y'(1) = 0, ye) = 0. 


18. Give an orthogonality relation for the eigenfunctions in 
Problem 17. 
19. Chebyshev’s differential equation 
(1 — x?)y" — xy’ + n’y =0 
has a polynomial solution y = T,,(x) for n = 0, 1,2, .... Specify 
the weight function p(x) and the interval over which the set 


of Chebyshev polynomials {7,,(x)} is orthogonal. Give an 
orthogonality relation. 


20. 


21. 


Expand the periodic function shown in FIGURE 12.R.1 in an 
appropriate Fourier series. 


FIGURE 12.R.1 Graph for Problem 20 


1 O<x<2, . : 
Expand f(x) = i. Geaed in a Fourier—Bessel series, 
; x 


using Bessel functions of order zero that satisfy the boundary 
condition J)(4a) = 0. 


22. 
23. 


24. 


25. 


Expand f(x) = x*, —1 <x < 1, ina Fourier—Legendre series. 
Suppose the function y = f(x) is defined on the interval (—°, %). 
(a) Verify the identity f(x) = f(x) + f5@), where 


f@) + f(-9) f@) — f(-») 


fx) = 5 5 


and f(x) = 
(b) Show that f, is an even function and f, an odd function. 
The function f(x) = e* is neither even nor odd. Use Problem 
23 to write fas the sum of an even function and an odd func- 
tion. Identify f, and fo. 

Suppose fis an integrable 2p-periodic function. Prove that for 
any real number a, 


2p at+2p 
| fadx = | S(xydx. 
0 


a 
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CHAPTER Boundary-Value 


Problems in 
Rectangular Coordinates 


In this and the next two chapters, 
the emphasis will be on two CHAPTER CONTENTS 
procedures that are frequently 
used in solving problems 


“ausluling kennels, 13.1 Separable Partial Differential Equations 


oscillatory displacements, and 13.2 Classical PDEs and Boundary-Value Problems 
potentials. These problems, called 13.3 Heat Equation 

boundary-value problems (BVPs) ; 

are described by relatively simple 13.4 Wave Equation 

linear second-order partial 13.5  Laplace’s Equation 

differential equations (PDEs). The . 

ibfuse or boknmprocediunes7< 10 13.6 Eine gE HaOUs Satieetn) Value Problems 
find particular solutions of a PDE 13.7 Orthogonal Series Expansions 

by reducing it to one or more 13.8 Fourier Series in Two Variables 


i ifferential ti ; ; 
ee differential equations Choptemis (miReview 
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We are interested only in 
particular solutions of PDEs. 


134] Separable Partial Differential Equations 


INTRODUCTION Partial differential equations (PDEs), like ordinary differential equations 
(ODEs), are classified as linear or nonlinear. Analogous to a linear ODE (see (6) of Section 1.1), 
the dependent variable and its partial derivatives appear only to the first power in a linear PDE. In 
this and the chapters that follow, we are concerned only with linear partial differential equations. 


I| Linear Partial Differential Equation If we let u denote the dependent variable and 
x and y the independent variables, then the general form of a linear second-order partial dif- 
ferential equation is given by 


au au au Ou Ou 
5 2 + 5 + D— + £— + fa = G, (1) 
ox Oxdy oy Ox oy 
where the coefficients A, B, C,..., G are constants or functions of x and y. When G(x, y) = 0, 


equation (1) is said to be homogeneous; otherwise, it is nonhomogeneous. 


Linear Second-Order PDEs 


The equations 


au au au Ou 
5 3 = 0 and 5 EX 
ox" oy Ox" oy 


are examples of linear second-order PDEs. The first equation is homogeneous and the second 


is nonhomogeneous. = 


J Solution of a PDE A solution of a linear partial differential equation (1) is a function 
u(x, y) of two independent variables that possesses all partial derivatives occurring in the equation 
and that satisfies the equation in some region of the xy-plane. 

It is not our intention to examine procedures for finding general solutions of linear partial 
differential equations. Not only is it often difficult to obtain a general solution of a linear second- 
order PDE, but a general solution is usually not all that useful in applications. Thus our focus 
throughout will be on finding particular solutions of some of the important linear PDEs, that is, 
equations that appear in many applications. 


Hi Separation of Variables Although there are several methods that can be tried to find 
particular solutions of a linear PDE, the one we are interested in at the moment is called the 
method of separation of variables. In this method if we are seeking a particular solution of, say, 
a linear second-order PDE in which the independent variables are x and y, then we seek to find 
a particular solution in the form of product of a function x and a function of y: 


u(x, y) = X(x)Y(y). 


With this assumption, it is sometimes possible to reduce a linear PDE in two variables to two 
ODEs. To this end we observe that 
ou , ou : au 3 au i 
= X'y, = AY. Gay Se XY, 5 = XY’, 
Ox oy Ox oy” 


where the primes denote ordinary differentiation. 


| EXAMPLE2 | Using Separation of Variables 


E : au Ou 
Find product solutions of ao = 
x 


ay’ 
SOLUTION Substituting w(x, y) = X(x)Y()) into the partial differential equation yields 
X"Y = AXY'. 


After dividing both sides by 4XY, we have separated the variables: 
eee 
4x Y 
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See Example 2, Section 3.9 
and Example 1, Section 12.5. 


> 


Since the left-hand side of the last equation is independent of y and is equal to the right-hand 
side, which is independent of x, we conclude that both sides of the equation are independent 
of x and y. In other words, each side of the equation must be a constant. As a practical matter 
it is convenient to write this real separation constant as — A. From the two equalities, 
x" y’ 
—_~=—=-A 
4x Y 


we obtain the two linear ordinary differential equations 


X"+4\xXx=0 and Y'+AY=0. (2) 
For the three cases for A: zero, negative, or positive; that is, A = 0, A = —a? <0, and 
A = a > 0, where a > 0, the ODEs in (2) are, in turn, 
x"=0 and Y'=0, (3) 
X"-—40?X=0 and Y'-—oc’¥Y=0, (4) 
X"+407?X=0 and Y’'+oe°Y=0. (5) 
Case I (A = 0): The DEs in (3) can be solved by integration. The solutions are 
X = c, + c)x and Y = c3. Thus a particular product solution of the 
given PDE is 
u = XY = (c, + cox)c3 = A, + Byx, (6) 


where we have replaced c,c3 and c,c3 by A, and B,, respectively. 


Case II (A = —a’): The general solutions of the DEs in (4) are 
X =c,cosh2ax +c;sinh2ax and Y= cee?” 
respectively. Thus, another particular product solution of the PDE is 


u = XY = (c, cosh 2ax + cs; sinh 2ax) cet? 


or u = A,e“* cosh 2ax + Boe®” sinh 2ax, (7) 
where A, = C4C6 and B, = C5C6. 


Case III (A = a’): — Finally, the general solutions of the DEs in (5) are 


i 
ary 


X = c,cos2ax + cgsin2ax and Y = ce “’, 


respectively. These results give yet another particular solution 


2. 
-a’y 


u = Aze “cos 2ax + Bye 


6 
—a’y 


sin 2ax, (8) 


where A; = c7Cy and B; = Co. = 


It is left as an exercise to verify that (6), (7), and (8) satisfy the given partial differential equa- 
tion u,, = 4u,. See Problem 29 in Exercises 13.1. 

Separation of variables is not a general method for finding particular solutions; some linear 
partial differential equations are simply not separable. You should verify that the assumption 
u = XY does not lead to a solution for d?u/ax* — du/dy = x. 


Hi Superposition Principle The following theorem is analogous to Theorem 3.1.2 and 
is known as the superposition principle. 


Theorem 13.1.1 | Superposition Principle 


If uy, Uo, ..., u;, are solutions of a homogeneous linear partial differential equation, then the 
linear combination 


U = Cy + Coty + °° + CyUly, 


where the c;, i = 1, 2,..., k are constants, is also a solution. 
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Throughout the remainder of the chapter we shall assume that whenever we have an infinite 
set Uy, Uz, U3,... Of solutions of a homogeneous linear equation, we can construct yet another 
solution u by forming the infinite series 


Cups 


II 
iMa 


where the c,, k = 1, 2,..., are constants. 


[| Classification of Equations A linear second-order partial differential equation in two 
independent variables with constant coefficients can be classified as one of three types. This 
classification depends only on the coefficients of the second-order derivatives. Of course, we 
assume that at least one of the coefficients A, B, and C is not zero. 


Definition 13.1.1 Classification of Equations 


The linear second-order partial differential equation 


where A, B, C, D, E, F, and G are real constants, is said to be 
hyperbolic if |B? — 4AC > 0, 
parabolic if |B’ — 4AC = 0, 
elliptic if B? — 4AC <0. 


| EXAMPLE3 | Classifying Linear Second-Order PDEs 


Classify the following equations: 

au ou au au au au 
a) 3-5 == b) — =a ¢) = +, = 0. 
(a) axr ue ax* ay” ) ax* ay 
SOLUTION (a) By rewriting the given equation as 


eu au 


we can make the identifications A = 3, B = 0, and C = 0. Since B* — 4AC = 0, the equa- 
tion is parabolic. 


(b) By rewriting the equation as 


Pu Pu _ 
ax? ay? ; 
we see that A = 1, B = 0, C = —1, and B? — 4AC = —4(1)(—1) > O. The equation is 


hyperbolic. 
(c) WithA = 1, B = 0, C = 1, and B’ — 4AC = —4(1)(1) < 0, the equation is elliptic. = 


REMARKS 


(i) Separation of variables is not a general method for finding particular solutions of linear 
partial differential equations. Some equations are simply not separable. You are encouraged 
to verify that the assumption u(x, y) = X(x)¥(y) does not lead to a solution of the linear second- 
order PDE 67u/dx? + du/adx = y. 

(ii) A detailed explanation of why the classifications given in Definition 13.1.1 are important 


is beyond the scope of this text. But you should at least be aware that these classifications do 
have a practical importance. Beginning in Section 13.3 we are going to solve some PDEs 
subject to both boundary and initial conditions. The kinds of side conditions appropriate for 
a given equation depend on whether the equation is hyperbolic, parabolic, or elliptic. Also, 
we shall see in Chapter 16 that numerical solution methods for linear second-order PDEs 
differ in conformity with the classification of the equation. 
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AES Exercises Answers to selected odd-numbered problems begin on page ANS-31. 


In Problems 1-16, use separation of variables to find, if 


possible, product solutions for the given partial differential 


equation. 
Ou Ou Ou Ou 
1S 2... Sk 3 
Ox oy Ox oy 
3. U, + Uy = U 4. u, = uy tu 
ou Ou Ou Ou 
5. x = y— 6 y—+x—=0 
Ox oy Ox oy 
au aru ru au 
7 5 7 = 0 8B y + u 
Ox Ooxdy dy Oxdy 
au au Ou 
9 k— 7 -u=—,k>0 0. k—>=—, k>0 
Ox Ox 
ae: au _ au 
a a) ae 
7 OU au Ou 
12 7 ap tT 2k k SO 
Ox” ot ot 
au ru Ou 
13. 7+ ay t 2k, k > 0 
Ox oy ot 
2 au ru 
14. x ae aye 15. Uy, + Wy = 


16. a7u,, — g = Uy g aconstant 


In Problems 17—26, classify the given partial differential 


equation as hyperbolic, parabolic, or elliptic. 


ou ru ou 
17. 5 + t 7 0 
Ox oxdy dy 
ou ru ou 
18. 3 7 + 5 t Bm 0 
Ox Oxdy oy 
au ou au 
19. 7 + 6 +9—=0 
Ox Oxdy oy~ 
ou ru ru _ 
20. — 3— =0 
Ox oxoy oy 
ru ou ru ru 
21. —, =9 22. 


ax? oxoy 


ru ru ru Ou Ou 
23. —> ; —-6—=0 
Ox Oxdy oy Ox oy 
au ru 
24. .2 + ay =u 
Ox oy 
2 ru ou ou ou 
25. a B50 26. k 5 = a k> 0 
Ox~ ot Ox t 


In Problems 27 and 28, show that the given partial differential 
equation possesses the indicated product solution. 


ou 1 ou ou 
27. k + = 


2 


ar? sr or at’ 
u= ec Jo(ar) + C¥)(ar)) 
au 1 ou 1 au 


28. 5 = 0; 
ar? rar. or? a? 

u = (c; cos AO + cy Sin aO)(c3r* + car “) 
29. Verify that each of the products u = X(x)Y(y) in (6), (7), and 


(8) satisfies the second-order PDE in Example 2. 

30. Definition 13.1.1 generalizes to linear PDEs with coefficients 
that are functions of x and y. Determine the regions in the 
xy-plane for which the equation 

: vu a 


Ou 
xy +1) —+(x4+2 +—<+4+xyu=0 
(xy me ( a, ay? y 


is hyperbolic, parabolic, or elliptic. 


Discussion Problems 


In Problems 31 and 32, discuss whether product solutions 
u = X(x)Y(y) can be found for the given partial differential 
equation. [Hint: Use the superposition principle. ] 

au au ou 
31. —, —~u=0 32. +—=0 

Ox Oxdy Ox 


13.2 Classical PDEs and Boundary-Value Problems 


INTRODUCTION For the remainder of this and the next chapter we shall be concerned with 
finding product solutions of the second-order partial differential equations 


k— =—, k>0 1 
ax? at (1) 

ru ou 

esate y) 
oon. ar? a 
a a 

5+ =0 (3) 
Ox oy” 
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cross section of area A 


FIGURE 13.2.1 One-dimensional flow 


of heat 
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or slight variations of these equations. These classical equations of mathematical physics are 
known, respectively, as the one-dimensional heat equation, the one-dimensional wave equation, 
and Laplace’s equation in two dimensions. “One-dimensional” refers to the fact that x denotes 
a spatial dimension whereas f represents time; “two dimensional” in (3) means that x and y are 
both spatial dimensions. Laplace’s equation is abbreviated V°u = 0, where 


ru au 


is called the two-dimensional Laplacian of the function u. In three dimensions the Laplacian 
of u is 


ax? ay? 0z~ 


By comparing equations (1)—(3) with the linear second-order PDE given in Definition 13.1.1, 
with ¢ playing the part of y, we see that the heat equation (1) is parabolic, the wave equation (2) 
is hyperbolic, and Laplace’s equation (3) is elliptic. This classification is important in 
Chapter 16. 


il Heat Eq uation Equation (1) occurs in the theory of heat flow—that is, heat transferred 
by conduction in a rod or thin wire. The function u(x, f) is temperature. Problems in mechanical 
vibrations often lead to the wave equation (2). For purposes of discussion, a solution u(x, ft) of 
(2) will represent the displacement of an idealized string. Finally, a solution u(x, y) of Laplace’s 
equation (3) can be interpreted as the steady-state (that is, time-independent) temperature distri- 
bution throughout a thin, two-dimensional plate. 

Even though we have to make many simplifying assumptions, it is worthwhile to see how 
equations such as (1) and (2) arise. 

Suppose a thin circular rod of length L has a cross-sectional area A and coincides with the 
x-axis on the interval [0, L]. See FIGURE 13.2.1. Let us suppose: 


¢ The flow of heat within the rod takes place only in the x-direction. 

e The lateral, or curved, surface of the rod is insulated; that is, no heat escapes from this 
surface. 

° No heat is being generated within the rod by either chemical or electrical means. 

e The rod is homogeneous; that is, its mass per unit volume p is a constant. 

¢ The specific heat y and thermal conductivity K of the material of the rod are constants. 


To derive the partial differential equation satisfied by the temperature u(x, f), we need two 
empirical laws of heat conduction: 


(i) The quantity of heat Q in an element of mass m is 
Q= ymu, (4) 


where u is the temperature of the element. 

(ii) The rate of heat flow Q, through the cross section indicated in Figure 13.2.1 is propor- 
tional to the area A of the cross section and the partial derivative with respect to x of the 
temperature: 


QO, = —KAu,. (5) 


Since heat flows in the direction of decreasing temperature, the minus sign in (5) is used to ensure 
that Q, is positive for u,. < 0 (heat flow to the right) and negative for u,, > 0 (heat flow to the left). 
If the circular slice of the rod shown in Figure 13.2.1 between x and x + Ax is very thin, then 
u(x, t) can be taken as the approximate temperature at each point in the interval. Now the mass 
of the slice is m = p(A Ax), and so it follows from (4) that the quantity of heat in it is 


O= ypA Axu. (6) 


Furthermore, when heat flows in the positive x-direction, we see from (5) that heat builds up in 
the slice at the net rate 


—K Au,(x, t) — [—K Au,(x + Ax, |] = K Alu(x + Ax, 1) — u(x, 1]. (7) 
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u(x, t) 


(a) Segment of string 


| 
i 
1 
0 x x+Ax x 


(b) Enlargement of segment 


FIGURE 13.2.2 Taut string anchored at 
two points on the x-axis 


temperature as a 
function of position thermometer 
on the hot plate 


FIGURE 13.2.3 Steady-state temperatures 
in a rectangular plate 


By differentiating (6) with respect to tf we see that this net rate is also given by 
QO, = ypA Ax u,. (8) 
Equating (7) and (8) gives 


K ux + Ax, t) — ux, 
72 Ax 7 


U;. (9) 


Taking the limit of (9) as Ax > 0 finally yields (1) in the form* 
K 


Uy = ys 


YP 


It is customary to let k = K/yp and call this positive constant the thermal diffusivity. 


I| Wave Equation Consider a string of length L, such as a guitar string, stretched taut be- 
tween two points on the x-axis—say, x = 0 and x = L. When the string starts to vibrate, assume 
that the motion takes place in the xy-plane in such a manner that each point on the string moves 
in a direction perpendicular to the x-axis (transverse vibrations). As shown in FIGURE 13.2.2(a), let 
u(x, t) denote the vertical displacement of any point on the string measured from the x-axis for 
t > 0. We further assume: 


e The string is perfectly flexible. 

e The string is homogeneous; that is, its mass per unit length p is a constant. 

e The displacements u are small compared to the length of the string. 

¢ The slope of the curve is small at all points. 

¢ The tension T acts tangent to the string, and its magnitude T is the same at all points. 
e The tension is large compared with the force of gravity. 

¢ No other external forces act on the string. 


Now in Figure 13.2.2(b) the tensions T, and T, are tangent to the ends of the curve on the 
interval [x, x + Ax]. For small values of 6, and 4, the net vertical force acting on the correspond- 
ing element As of the string is then 


T sin 6, — T sin 0, ~ T tan 6, — T tan 0, 
= Tlu,(x + Ax, t) — u,Q, )],' 


where T = |T,| = IT,|. Now p As = p Axis the mass of the string on [x,.x + Ax], and so Newton’s 
second law gives 


T[u,(x + Ax, t) — u(x, 1] = p Ax uy, 


u(x + Ax, -— uxt  p 
Ax 7 


or Un 
If the limit is taken as Ax > 0, the last equation becomes u,,. = (p/T )u,. This of course is (2) with 
a = Tip. 


I Laplace’s Equation Although we shall not present its derivation, Laplace’s equation 
in two and three dimensions occurs in time-independent problems involving potentials such as 
electrostatic, gravitational, and velocity in fluid mechanics. Moreover, a solution of Laplace’s 
equation can also be interpreted as a steady-state temperature distribution. As illustrated in 
FIGURE 13.2.3, a solution u(x, y) of (3) could represent the temperature that varies from point to 
point—but not with time—of a rectangular plate. 

We often wish to find solutions of equations (1), (2), and (3) that satisfy certain side 
conditions. 


— ua t+ Ax, t) — ux, 1) 
*Recall from calculus that u,, = lim : 
Ax>0 Ax 


‘tan 6, =u,(x + Ax, A) and tan 6, = u,(x, f) are equivalent expressions for slope. 
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FIGURE 13.2.4 Plucked string 
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Hi Initial Conditions Since solutions of (1) and (2) depend on time t, we can prescribe 
what happens at tf = 0; that is, we can give initial conditions (IC). If f(x) denotes the initial 
temperature distribution throughout the rod in Figure 13.2.1, then a solution u(x, t) of (1) must 
satisfy the single initial condition u(x, 0) = f(x), 0 < x < L. On the other hand, for a vibrating 
string, we can specify its initial displacement (or shape) f(x) as well as its initial velocity g(x). 
In mathematical terms we seek a function u(x, f) satisfying (2) and the two initial conditions: 


ou 
u(x, 0) = f(x), re a(x) O<x<L. (10) 
t=0 


For example, the string could be plucked, as shown in FIGURE 13.2.4, and released from rest 
(g(x) = 0). 


Hi Boundary Conditions The string in Figure 13.2.4 is secured to the x-axis at x = 0 and 
x = L for all time. We interpret this by the two boundary conditions (BC): 


u(0,t)=0, uL,)=0, ft>0. 


Note that in this context the function fin (10) is continuous, and consequently f(0) = 0 and 
Jf(L) = 0. In general, there are three types of boundary conditions associated with equations (1), 
(2), and (3). On a boundary we can specify the values of one of the following: 


: . OU wn OU 
(i) u, (ii) —; or (iii) — + hu, haconstant. 
on on 


Here du/on denotes the normal derivative of u (the directional derivative of u in the direction 
perpendicular to the boundary). A boundary condition of the first type (i) is called a Dirichlet 
condition, a boundary condition of the second type (ii) is called a Neumann condition, and a 
boundary condition of the third type (iii) is known as a Robin condition. For example, for t > 0 
a typical condition at the right-hand end of the rod in Figure 13.2.1 can be 


(i)’ u(L,t) = up, Up aconstant, 


Ou 
(a = =0, or 
ox x=L 
Ou 
(iii)! re = —h(u(L, t) — u,,), h > 0 and u,, constants. 
x=L 


Condition (i)' simply states that the boundary x = L is held by some means at a constant tem- 

perature ug for all time t > 0. Condition (ii)' indicates that the boundary x = Lis insulated. From 

the empirical law of heat transfer, the flux of heat across a boundary (that is, the amount of heat 

per unit area per unit time conducted across the boundary) is proportional to the value of the 

normal derivative du/dn of the temperature u. Thus when the boundary x = L is thermally insu- 

lated, no heat flows into or out of the rod and so 
ou 


= 0. 


Ox x=L 


We can interpret (iii)' to mean that heat is lost from the right-hand end of the rod by being in 
contact with a medium, such as air or water, that is held at a constant temperature. From Newton’s 
law of cooling, the outward flux of heat from the rod is proportional to the difference between 
the temperature u(L, f) at the boundary and the temperature uw, of the surrounding medium. We 
note that if heat is lost from the left-hand end of the rod, the boundary condition is 


Ou 
= = h(u(O, t) — uy). 
Ox x=0 


The change in algebraic sign is consistent with the assumption that the rod is at a higher tem- 
perature than the medium surrounding the ends so that u(0, ft) > u,, and u(L, t) > u,,. Atx = 0 
and x = L, the slopes u,(0, ft) and u,(L, t) must be positive and negative, respectively. 
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Of course, at the ends of the rod we can specify different conditions at the same time. For 
example, we could have 


Ou 
— =0 and uLp=u, t>0. 
Ox x=0 


We note that the boundary condition in (i)’ is homogeneous if up = 0; if uy # 0, the boundary 


condition is nonhomogeneous. The boundary condition (ii)' is homogeneous; (iii)’ is homoge- 
neous if u,, = 0 and nonhomogeneous if u,, # 0. 


Hi Boundary-Value Problems Problems such as 


a2 a2 
Solve: a? =", 0<x<L, t>0 
Ox- ot 
Subject to: (BC) u(0, t) = 0, u(L, tf) = 0, t>0 (11) 
(6) 
(ac) u(x, 0) =f), = (x), O<x<L 
t=0 
and 
au ou 
Solve: et =0, VK xed, OM yas 
ix yo 
Ou Ou 
P = 0, 5 =0,0<y<b 
X ly=0 X ly=a (12) 


bject to: (B 
Subject to: (BC) u(x, 0) = 0, u(x, b) = f(x), O<x<a 


are called boundary-value problems. The problem in (11) is classified as a homogeneous BVP 
since the partial differential equation and the boundary conditions are homogeneous. 


|| Variations The partial differential equations (1), (2), and (3) must be modified to take 
into consideration internal or external influences acting on the physical system. More general 
forms of the one-dimensional heat and wave equations are, respectively, 


OU ee (13) 
ax? eet 
ou ou 
and a’ — + F(x,t,u,u,) = —. 14 
ax2 ( ) ar? ( ) 


For example, if there is heat transfer from the lateral surface of a rod into a surrounding medium 
that is held at a constant temperature u,,, then the heat equation (13) is 


ou h( ) ou 
= u— tu ame 
ax 7 ot 


k 


2 


where h is a constant. In (14) the function F could represent the various forces acting on the 
string. For example, when external, damping, and elastic restoring forces are taken into account, 
(14) assumes the form 


external force damping restoring force 
y 1 
au ou au 
2 
a—+ fat) —-c— — ku=—. 15 
oe ee at ar? a) 
UU, —Y 
PSG uh) 


13.2 Classical PDEs and Boundary-Value Problems | 715 


REMARKS 


The analysis of a wide variety of diverse phenomena yields the mathematical models (1), (2), or 
(3) or their generalizations involving a greater number of spatial variables. For example, (1) is 
sometimes called the diffusion equation since the diffusion of dissolved substances in solution is 
analogous to the flow of heat in a solid. The function c(x, #) satisfying the partial differential equa- 


tion in this case represents the concentration of the dissolved substance. Similarly, equation (2) and 
its generalization (15) arise in the analysis of the flow of electricity in a long cable or transmission 
line. In this setting (2) is known as the telegraph equation. It can be shown that under certain as- 
sumptions the current i(x, f) and the voltage v(,, f) in the line satisfy two partial differential equations 
identical to (2) (or (15)). The wave equation (2) also appears in fluid mechanics, acoustics, and 
elasticity. Laplace’s equation (3) is encountered in determining the static displacement of membranes. 


Pisi2a| Exercises Answers to selected odd-numbered problems begin on page ANS-31. 


In Problems 1-6, a rod of length L coincides with the interval 7. The ends are secured to the x-axis. The string is released from 
[0, L] on the x-axis. Set up the boundary-value problem for the rest from the initial displacement x(L — x). 
temperature u(x, f). 8. The ends are secured to the x-axis. Initially the string is 


undisplaced but has the initial velocity sin(7x/L). 

9. The left end is secured to the x-axis, but the right end moves in 
a transverse manner according to sin 7rt. The string is released 
from rest from the initial displacement f(x). For t > 0 the 
transverse vibrations are damped with a force proportional to 
the instantaneous velocity. 

10. The ends are secured to the x-axis, and the string is initially at 
rest on that axis. An external vertical force proportional to the 
horizontal distance from the left end acts on the string for t > 0. 


1. The left end is held at temperature zero, and the right end is 
insulated. The initial temperature is f(x) throughout. 

2. The left end is held at temperature up, and the right end is held 
at temperature u,. The initial temperature is zero throughout. 

3. The left end is held at temperature 100°, and there is heat trans- 
fer from the right end into the surrounding medium at tem- 
perature zero. The initial temperature is f(x) throughout. 

4. There is heat transfer from the left end into a surrounding 
medium at temperature 20°, and the right end is insulated. The 
initial temperature is f(x) throughout. In Problems 11 and 12, set up the boundary-value problem for 

5. The left end is at temperature sin(7//L), the right end is held the steady-state temperature u(x, y). 
at zero, and there is heat transfer from the lateral surface of 
the rod into the surrounding medium held at temperature zero. 
The initial temperature is f(x) throughout. 

6. The ends are insulated, and there is heat transfer from the 
lateral surface of the rod into the surrounding medium held 
at temperature 50°. The initial temperature is 100° throughout. 


11. A thin rectangular plate coincides with the region in the xy-plane 
defined by 0 =x =4,0 = y <2. The left end and the bottom of 
the plate are insulated. The top of the plate is held at temperature 
zero, and the right end of the plate is held at temperature f(y). 

12. A semi-infinite plate coincides with the region defined by 
0=x=7,y= 0. The left end is held at temperature e ”, and 


In Problems 7—10, a string of length LZ coincides with the the right end is held at temperature 100° for 0 < y = 1 and 
interval [0, L] on the x-axis. Set up the boundary-value problem temperature zero for y > 1. The bottom of the plate is held at 
for the displacement u(x, f). temperature f(x). 
13.3] Heat Equation 
u=0 u=0 INTRODUCTION Consider a thin rod of length L with an initial temperature f(x) throughout 
and whose ends are held at temperature zero for all time ¢ > 0. If the rod shown in FIGURE 13.3.1 
satisfies the assumptions given on page 712, then the temperature u(x, f) in the rod is determined 
0 ae from the boundary-value problem 
FIGURE 13.3.1 Find the temperature u ina au Oo 
finite rod Pr eer On e< b, t>0 (1) 
v0, = 0, u(L,)=0, t>0 (2) 
u(x, 0) = f(x), O< x <L. (3) 


In the discussion that follows next we show how to solve this BVP using the method of separation 
of variables introduced in Section 13.1. 
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I| Solution of the BVP Using the product u(x, f) = X(x)T(t), and —) as the separation 
constant, leads to 


> yA 
—=—=-)A (4) 

or 
and X"+AX=0 (5) 
T +krAT=0. (6) 


Now the boundary conditions in (2) become u(0, t) = X(0)7T(4) = 0 and u(L, t) = X(L)T() = 0. 
Since the last equalities must hold for all time ¢, we must have X(0) = 0 and X(L) = 0. These 
homogeneous boundary conditions together with the homogeneous ODE (5) constitute a regular 
Sturm—Liouville problem: 


X"+ AX =0, X(0)=0, X(L)=0. (7) 


The solution of this BVP was discussed in detail in Example 2 of Section 3.9 and on page 692 
of Section 12.5. In that example, we considered three possible cases for the parameter A: zero, 
negative, and positive. The corresponding general solutions of the DEs are 


X(x) = cy + Cox, A=0 (8) 
X(x) = c, coshax + c sinhax, A = —a’? <0 (9) 
X(x) = c; cosax + c5 sinax, A=a>0. (10) 


Recall, when the boundary conditions X(0) = O and X(L) = 0 are applied to (8) and (9) these 
solutions yield only X(x) = 0 and so we are left with the unusable result u = 0. Applying the first 
boundary condition X(0) = 0 to the solution in (10) gives c, = 0. Therefore X(x) = c, sin ax. 
The second boundary condition X(L) = 0 now implies 


X(L) = cy sinaL = 0. (11) 
If cy = 0, then X = 0 so that uw = 0. But (11) can be satisfied for c) # 0 when sin aL = 0. This 
last equation implies that aL = na or a = na/L, where n = 1, 2, 3,.... Hence (7) possesses 
nontrivial solutions when A,, = a? = n°7’/L’, n = 1, 2,3, .... The values A,, and the correspond- 


ing solutions 


X(x) = cy sin ae n = 1,2,3,... (12) 


are the eigenvalues and eigenfunctions, respectively, of the problem in (7). 


—k(n?a?/L?)t 


The general solution of (6) is T(t) = c3e , and so 


u, = X(®)T(t) = A, ek sin a (13) 


where we have replaced the constant c,c; by A,. The products u,(x, t) given in (13) satisfy the 
partial differential equation (1) as well as the boundary conditions (2) for each value of the posi- 
tive integer n. However, in order for the functions in (13) to satisfy the initial condition (3), we 
would have to choose the coefficient A,, in such a manner that 


u,(x, 0) = f(x) = A, sin ms x. (14) 
In general, we would not expect condition (14) to be satisfied for an arbitrary, but reasonable, 


choice of {| Therefore we are forced to admit that u,(x, ft) is not a solution of the problem given 
in (1)—(@3). Now by the superposition principle the function 


u(x, t) = pS = SA e Ker Lt gin eh (15) 
n=1 


n=1 
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must also, although formally, satisfy equation (1) and the conditions in (2). If we substitute t = 0 
into (15), then 


u(x, 0) = f(x) = SA, sin ae 
n=1 


This last expression is recognized as the half-range expansion of fin a sine series. If we make 
the identification A, = b,,n = 1, 2,3,..., it follows from (5) of Section 12.3 that 


A= 2{ pe9 sin va (16) 
n= TI} Fe sin * Xs 


We conclude that a solution of the boundary-value problem described in (1), (2), and (3) is given 
by the infinite series 


a . ni eer nt 
j= = sin — x dx Je" 7/2)" sin — x. 17 
u(x, 1) 73([ 10 ae ne L* (17) 
t= 5 
; In the special case when the initial temperature is u(x, 0) = 100, L = 7, andk = 1, you should 
0 05 1 15 2 25 3 verify that the coefficients (16) are given by 
(a) u(x, t) graphed as a 2 
function of x for 200} 1 — (-1) 
various fixed times no n , 
u 
and that the series (17) is 
200 S) 1 = ( 1)" | 3. 
u(x, t) = 7 3| ; le sin nx. (18) 


Hi Use of Computers The solution u in (18) is a function of two variables and as such its 
graph is a surface in 3-space. We could use the 3D-plot application of a computer algebra system 
to approximate this surface by graphing partial sums S,,(x, f) over a rectangular region defined 


(b) u(x, t) graphed as a by0=x=7,0 tT Alternatively, with the aid of the 2D-plot application of a CAS we plot 
function of tfor the solution u(x, f) on the x-interval [0, zr] for increasing values of time ¢. See FIGURE 13.3.2(a). 
various fixed positions ; ; - : : ; 

In Figure 13.3.2(b) the solution u(x, ft) is graphed on the t-interval [0, 6] for increasing values 
FIGURE 13.3.2 Graphs obtained using of x (x = O is the left end and x = 77/2 is the midpoint of the rod of length L = 7). Both sets of 
partial sums of (18) graphs verify that which is apparent in (18)—namely, u(x, t) > 0 as t > 00. 
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In Problems | and 2, solve the heat equation (1) subject to the takes on the form 
given conditions. Assume a rod of length L. ou ou 
i _ k—, -~hu=—, 0<x<L,t>0, 
1. u(0,4) =0, u(L,t) =0 Ox at 
1, 0<x<L/2 h a constant. Find the temperature u(x, f) if the initial 
u(x, 0) = a Lex =< T temperature is f(x) throughout and the ends x = 0 and x = L 


2. u(0,1)=0, u(L, 1) =0 are insulated. See FIGURE 13.3.3. 

u(x, 0) = x(L — x) insulated 0° insulated 
3. Find the temperature u(x, 7) in a rod of length ZL if the initial 

temperature is f(x) throughout and if the ends x = 0 andx = L 

are insulated. 0 a L ¢x 
4. Solve Problem 3 if Z = 2 and 


heat transfer from 
x. 0O<x< 1 lateral surface of 
° the rod 


f(x) -{ 


0, Ll<x<2. 


: : FIGURE 13.3.3 Rod in Problem 5 
5. Suppose heat is lost from the lateral surface of a thin rod of 


length Z into a surrounding medium at temperature zero. If 6. Solve Problem 5 if the ends x = 0 and x = L are held at tem- 
the linear law of heat transfer applies, then the heat equation perature zero. 
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7. A thin wire coinciding with the x-axis on the interval [—L, L] Computer Lab Assignments 


is bent into the shape of a circle so that the ends x = —L 9 a or Hcn(ii aed 
and x = L are joined. Under certain conditions the fal Solve Me neab equation oy) subjeekiy 
temperature u(x, f) in the wire satisfies the boundary-value u(0, tf) = 0, u(100, t) = 0, t>0 
problem = ce 0=x=50 
u(x, 0) = 
eu au 0.81100 — x), S50<x < 100. 
kK = a, PLA < G t> 0, Pe 
ax? at . (b) Use the 3D-plot application of your CAS to graph the 
partial sum S;(x, ¢) consisting of the first five nonzero 
u(—L, t) = u(L, t), t > 0 terms of the solution in part (a) for 0 = x < 100, 
0 =t = 200. Assume that k = 1.6352. Experiment with 
ou _ ou ‘>0 various three-dimensional viewing perspectives of the 
Ox}.--, OX {pay surface (called the ViewPoint option in Mathematica). 
u(x, 0) =f), -L<x<L. Discussion Problems 


Find the temperature u(x, f). 


10. In Figure 13.3.2(b) we have the graphs of u(x, 7) on the interval 
[0, 6] for x = 0, x = w/12, x = 7/6, x = 7/4, and x = 7/2. 


. Find the temperature u(x, t) for the boundary-value Describe or sketch the graphs of u(x, f) on the same time inter- 


problem (1)—(3) when L = 1 and f(x) = 100 sin 67rx. [Hint: val but for the fixed values x = 3727/4, x = 52/6, x = 117/12, 


Look closely at (13) and (14).] 


and x = 77. 


13.4 Wave Equation 


INTRODUCTION We are now in a position to solve the boundary-value problem (11) dis- 
cussed in Section 13.2. The vertical displacement u(x, t) of a string of length L that is freely 
vibrating in the vertical plane shown in Figure 13.2.2(a) is determined from 


s=— 0<x<Lt>0 (1) 
Ox ot 
u(0,t)=0, uLlpj=0, t>0 (2) 
Ou 
u(x, 0) = f(x), - = g(x), O< x <L. (3) 
t=0 


Hi Solution of the BVP With the usual assumption that u(x, t) = X(x)T(t), separatin 
p p g 
variables in (1) gives 


x” T" 
“~_=—=-=-) 
XxX aT 
so that xX” +AX =0 (4) 
T" + a@ rT = 0. (5) 


As in Section 13.3, the boundary conditions (2) translate into X(0) = 0 and X(L) = 0. The ODE 
in (4) along with these boundary-conditions is the regular Sturm—Liouville problem 


Xx" + 4X =0, X(0) = 0, X(L) = 0. (6) 


Of the usual three possibilities for the parameter A: A = 0, A = —a” <0, and A = a” > 0, only 
the last choice leads to nontrivial solutions. Corresponding to A = a”, a > 0, the general solution 
of (4) is 


X(x) = c, cos ax + c, sin ax. 
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X(0) = 0 and X(L) = 0 indicate that c, = 0 and c sin aL = 0. The last equation again implies 
that aL = nav or a = nmw/L. The eigenvalues and corresponding eigenfunctions of (6) are 


A, = na-/L? and X(x) = c) sin - x,n = 1,2,3,....The general solution of the second-order 
equation (5) is then 


nia . nia 
T(t) = cz cos ——t + cy sin —~t. 
L L 


By rewriting c,c; as A, and cc, as B,, solutions that satisfy both the wave equation (1) and 
boundary conditions (2) are 


nia _nma\ . nt 
u, = | A, cos —t + B, sin) sin — x (7) 
L L L 
— nia nia ni 
and ux) = > (4, cos ——t + B, sin —— 7 sin — x. (8) 
n=1 L L L 


Setting t = 0 in (8) and using the initial condition u(x, 0) = f(x) gives 
ux, 0) = fe) = SA, sin = x. 
n=l 
Since the last series is a half-range expansion for fin a sine series, we can write A,, = b,: 
bee | te sin — x dx. (9) 
Lo L 


To determine B,, we differentiate (8) with respect to ¢ and then set ¢ = 0: 


In order for this last series to be the half-range sine expansion of the initial velocity g on the 
interval, the total coefficient B,n7ra/L must be given by the form b, in (5) of Section 12.3— 
that is, 


ce ae 
7 Leta ee 
from which we obtain 
> (t 
= =r g(x) sin a dx. (10) 


The solution of the boundary-value problem (1)—(3) consists of the series (8) with coefficients 
A, and B,, defined by (9) and (10), respectively. 

We note that when the string is released from rest, then g(x) = 0 for every x in the interval [0, L] 
and consequently B, = 0. 


Il Plucked String A special case of the boundary-value problem in (1)—(3) when g(x) = 0 
is a model of a plucked string. We can see the motion of the string by plotting the solution or 
displacement u(x, f) for increasing values of time ¢ and using the animation feature of a CAS. 
Some frames of a movie generated in this manner are given in FIGURE 13.4.1. You are asked to 
emulate the results given in the figure by plotting a sequence of partial sums of (8). See Problems 
7, 8, and 27 in Exercises 13.4. 
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e 1 oh 
3 3 
(c) Third standing wave 


FIGURE 13.4.2 First three standing waves 


FIGURE 13.4.1 Frames of plucked-string movie 


il Standing Waves Recall from the derivation of the wave equation in Section 13.2 that 
the constant a appearing in the solution of the boundary-value problem in (1)-—(3) is given by 
VV T/p, where p is mass per unit length and T is the magnitude of the tension in the string. When 
T is large enough, the vibrating string produces a musical sound. This sound is the result of 
standing waves. The solution (8) is a superposition of product solutions called standing waves 
or normal modes: 


u(x, t) = uy(x, 1) + u(x, 1) + wx, ++. 


In view of (6) and (7) of Section 3.8, the product solutions (7) can be written as 
nia nt 
,t) = C,sin| ——t + @, }] sin —x, 11 
u,,(X, t) sin( 7 ro) ) sin i x. (11) 


where C,, = V A? + B? and @, is defined by sin d,, = A,/C,, and cos ¢,, = B,,/C,. Forn = 1,2,3,... 
the standing waves are essentially the graphs of sin(n7rx/L), with a time-varying amplitude given by 


nwa 
C,, sin{ ——t + , 
n sin( ic é.) 


Alternatively, we see from (11) that at a fixed value of x each product function u,,(x, f) represents 
simple harmonic motion with amplitude C,,| sin(n7x/L)| and frequency f, = na/2L. In other 
words, each point on a standing wave vibrates with a different amplitude but with the same 
frequency. When n = 1, 


(x, t) = C; si (™: 7) ) in — 
: sin + sin —. 
U(x 1 1 x 


is called the first standing wave, the first normal mode, or the fundamental mode of vibra- 
tion. The first three standing waves, or normal modes, are shown in FIGURE 13.4.2. The dashed 
graphs represent the standing waves at various values of time. The points in the interval (0, L), 
for which sin(na/L)x = 0, correspond to points on a standing wave where there is no motion. 
These points are called nodes. For example, in Figures 13.4.2(b) and (c) we see that the second 
standing wave has one node at L/2 and the third standing wave has two nodes at L/3 and 2L/3. 
In general, the nth normal mode of vibration has n — 1 nodes. 
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The frequency 


j-f-37 
a. BL OLN @ 


of the first normal mode is called the fundamental frequency or first harmonic and is directly 
related to the pitch produced by a stringed instrument. It is apparent that the greater the tension 
on the string, the higher the pitch of the sound. The frequencies f, of the other normal modes, 
which are integer multiples of the fundamental frequency, are called overtones. The second 
harmonic is the first overtone, and so on. 


Il Superposition Principle The superposition principle, Theorem 13.1.1, is the key in 
making the method of separation of variables an effective means of solving certain kinds of 
boundary-value problems involving linear partial differential equations. Sometimes a problem 
can also be solved by using a superposition of solutions of two easier problems. If we can solve 
each of the problems, 


Problem 1 Problem 2 
——— i 
9 ru, uy 2 dUy au> 
“Ta = ap ON KK E, t>0 ea = > O<x<L, t>0 
Ox ot Ox ot 
u,(0, t) = 0, u(L,t) = 0, t>0 u(0, t) = 0, u (L,t)=0, t>0 (12) 
Ou, OU 
u(x, 0) = f(x), = 0; 0<2<L u(x, 0) = 0, = g(x) O<x<L 
dt |,=0 dt |;=0 


then a solution of (1)-(3) is given by u(x, ft) = u,(x, t) + up(x, t). To see this we know that 
u(x, t) = u,(x, t) + up(x, ft) is a solution of the homogeneous equation in (1) because of 
Theorem 13.1.1. Moreover, u(x, f) satisfies the boundary condition (2) and the initial condi- 
tions (3) because, in turn, 


{ue t) = 4,00, 1) + H(0,) =0+0=0 
UL, t) = u,(L, t) + uw (L,t) = 0+ 0 = 0, 
u(x, 0) = u,(x, 0) + u(x, 0) = fx) + 0 = f) 


d IC< ou 
ie — = 0 + g(x) = g(x). 
ot 1=0 


OUuy 
i=0 ~— OL 


_ Ou, 


=0 © Ot 


You are encouraged to try this method to obtain (8), (9), and (10). See Problems 5 and 14 in 
Exercises 13.4. 


| 13.4 — m4s}0 lst) Answers to selected odd-numbered problems begin on page ANS-31. 


In Problems 1-6, solve the wave equation (1) subject to the 4. u(0,t) = 0, u(7,t) = 0, t>0 
given conditions. 


1 
u(x, 0) = >x(m? — x*), 
1. u(0,t) = 0, u(L,t) =0, t>0 6 


— =0, 0<x<7 
ot 


t=0 
1 du 5. u(0,t) = 0, ud, =0, t>0 
u(x; 0) = —x(L. = x),.. — =0, 0<x<L 
4 Ot|,=0 ; ou _ ; 
u(x, 0) = x1 — x), x1—-—x), O<x<l 
2. u(0,t) = 0, u(L,t)=0, t>0 dtl ;=0 
ay 6. u(0,t) = 0, uz, =0, t>O0 
u(x, 0) = 0, — =xL- x), O<x<L 
dl 1=0 u(x, 0) = 0.01 sin 37x, =0, 0<x<q7 
3. u(0,t) = 0, u(7,t) = 0, t>0 t=0 
Ou . 
u(x,0) = 0, — =sinx, 0O<x<7@7 
It l;=0 
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In Problems 7—10, a string is tied to the x-axis at x = 0 and at 
x = Land its initial displacement u(x, 0) = f(x), 0 <x < L, is 
shown in the figure. Find u(x, #) if the string is released from rest. 


7. 


10. 


11. 


SQ) 
j peeesebeesoscea, 
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FIGURE 13.4.3 Initial displacement for Problem 7 
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FIGURE 13.4.4 Initial displacement for Problem 8 
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FIGURE 13.4.5 Initial displacement for Problem 9 
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FIGURE 13.4.6 Initial displacement for Problem 10 

The longitudinal displacement of a vibrating elastic bar 
shown in FIGURE 13.4.7 satisfies the wave equation (1) and 
the conditions 


ou Ou 
= 0, =0,t>0 
Ox x=0 ox x=L 
Ou 
u(x, 0) = x, — =0,0<x<L. 
dt |;=0 


The boundary conditions at x = 0 and x = L are called 
free-end conditions. Find the displacement u(x, f). 


|| u(x, t) 


0 a 
FIGURE 13.4.7 Elastic bar in Problem 11 


13. 
14. 


15. 


16. 


u(x,t) =—> sin(2k — 1)x cos 
Week = IV 


17. 


A model for the motion of a vibrating string whose ends are 
allowed to slide on frictionless sleeves attached to the vertical 
axes x = 0 and x = L is given by the wave equation (1) and 
the conditions 


ou ou 
=U, =0,t>0 
Ox x=0 Ox x=L 
u(x, 0) = f(x), =e) 0 2 <7. 
ot t=0 


See FIGURE 13.4.8. The boundary conditions indicate that the 
motion is such that the slope of the curve is zero at its ends 
for t > 0. Find the displacement u(x, £). 


u 


x 


0 L 


FIGURE 13.4.8 String whose ends are attached to 
frictionless sleeves in Problem 12 


In Problem 10, determine the value of u(L/2, t) for t = 0. 
Rederive the results given in (8), (9), and (10), but this time 
use the superposition principle discussed on page 722. 
A string is stretched and secured on the x-axis at x = 0 and 
x = 7 for t > 0. If the transverse vibrations take place in a 
medium that imparts a resistance proportional to the instan- 
taneous velocity, then the wave equation takes on the form 
au au ou 
- +2p—, 


t>0. 
ax- ar’ at 


0<B<1, 


Find the displacement u(x, f) if the string starts from rest from 
the initial displacement f(x). 
Show that a solution of the boundary-value problem 


ou ou 

= eae O0<x<a7,t>0 

Ox ot 

u(0, tf) = 0, u(r, t) = 0, t > 0 
Xx, 0O<x<7/2 

wo = {* x<a7/ 
wx, wW/2sx<T7 

0 

a“ =0, 0<3< 9 

dt |,=9 

is 
4 & (-1)**! 


(2k — 1° + It. 
Consider the boundary-value problem given in (1)—(3) of this 


section. If g(x) = 0 on 0 < x < L, show that the solution of 
the problem can be written as 


u(x, t) = ; [f(@ + at) + f(x — at)]. 


[Hint: Use the identity 
2 sin 8, cos 6, = sin(@, + 05) + sin(O,; — 6,).] 
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18. The vertical displacement u(x, 7) of an infinitely long string 
is determined from the initial-value problem 


2 2 
See Bd 


a = ; 
ax at? 


-wo<x<ow,t>d0 
(13) 


ou 
u(x, 0) = f(x), = g(x). 


ot t=0 


This problem can be solved without separating variables. 

(a) Show that the wave equation can be put into the form 
au/dnaé = 0 by means of the substitutions € = x + at 
and n = x — at. 

(b 


~a 


Integrate the partial differential equation in part (a), first 
with respect to 7 and then with respect to €, to show 
that u(x, ft) = F(x + at) + G(x — at), where F and G are 
arbitrary twice differentiable functions, is a solution of 
the wave equation. Use this solution and the given initial 
conditions to show that 


ES 


e | a0 ds +c 


ag 


1 
F(x) = a ba 


and G(x) = 5 fla) _ | g(s) ds — c, 


1 
2a 
where xX, is arbitrary and c is a constant of integration. 


(c) Use the results in part (b) to show that 


1 x+at 
u(x, t) = 5 [f(x + at) + f(x — at)] + Al g(s) ds. (14) 


x— at 


Note that when the initial velocity g(x) = 0 we obtain 


u(x, 1) = —[f@ t+ at) + f(x — at], -coo<x<co. 


Nil 


The last solution can be interpreted as a superposition 
of two traveling waves, one moving to the right (that 
is, 5 f(x — at)) and one moving to the left Enies + at)). 
Both waves travel with speed a and have the same basic 
shape as the initial displacement f(x). The form of u(x, f) 
given in (14) is called d’Alembert’s solution. 


In Problems 19-21, use d’Alembert’s solution (14) to solve the 
initial-value problem in Problem 18 subject to the given initial 
conditions. 


19. f(x) = sin x, g(x) = 1 

20. f(x) = sin x, g(x) = cos x 

21. f(x) = 0, g(x) = sin 2x 

22. Suppose f(x) = 1/(1 + x’), g(x) = 0, and a = 1 for the initial- 
value problem given in Problem 18. Graph d’ Alembert’s 
solution in this case at the time t = 0, tf = 1, andt = 3. 

23. The transverse displacement u(x, t) of a vibrating beam of 
length L is determined from a fourth-order partial differential 
equation 

2 dtu au 
a + 7H 0, OR 1, tO: 
Ox ot 


If the beam is simply supported, as shown in FIGURE 13.4.9, 
the boundary and initial conditions are 


u(0, t) = 0, u(L, t) = 0, t>0 


ou ou 
2 = 0, 2 = 0, t>0O 
OX” |~=0 Ox? |eer 
u(x, 0) = f@), =a) 0 <4 < 2. 
dt |,=0 


Solve for u(x, ft). [Hint: For convenience use A = a* when 
separating variables. ] 


0 L 


FIGURE 13.4.9 Simply supported beam in Problem 23 


Computer Lab Assignments 


24. If the ends of the beam in Problem 23 are embedded at x = 0 


25. 


26. 


and x = L, the boundary conditions become, for t > 0, 
u(0, t) = 0, u(L, t) = 0 


ou 
Ox 


ou 


bd 
x=0 Ox 


= 0. 


x=L 


(a) Show that the eigenvalues of the problem are A = x;/L? 
where x,, n = 1, 2, 3,..., are the positive roots of the 
equation cosh x cos x = 1. 

(b) Show graphically that the equation in part (a) has an 
infinite number of roots. 

(c) Use a CAS to find approximations to the first four 
eigenvalues. Use four decimal places. 

A model for an infinitely long string that is initially held at the 

three points (— 1, 0), (1, 0), and (0, 1) and then simultaneously 

released at all three points at time t = 0 is given by (13) with 


1— |x|, [xf sl 
fa) = 


d g(x) = 0. 
0, ee g(x) 


(a) Plot the initial position of the string on the interval [—6, 6]. 
(b) Use a CAS to plot d’Alembert’s solution (14) on [—6, 6] 
for t = 0.2k,k = 0,1, 2,..., 25. Assume that a = 1. 

(c) Use the animation feature of your computer algebra sys- 
tem to make a movie of the solution. Describe the motion 
of the string over time. 

An infinitely long string coinciding with the x-axis is 

struck at the origin with a hammer whose head is 0.2 inch 

in diameter. A model for the motion of the string is given 
by (13) with 


1, | s01 


f@) =0 and g@) = ta |x| > 0.1. 
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(a) UseaCAS to plot d’Alembert’s solution (14) on [—6, 6] 
for t = 0.2k,k = 0,1, 2,..., 25. Assume that a = 1. 

(b) Use the animation feature of your computer algebra 
system to make a movie of the solution. Describe the 
motion of the string over time. 

27. The model of the vibrating string in Problem 7 is called a 
plucked string. 

(a) Use aCAS to plot the partial sum 5,(x, 4); that is, the first 
six nonzero terms of your solution u(x, 1), for t = 0.1k, 
k=0,1,2,...,20. Assume that a = 1,h = 1,andL= 7. 


28. 


(b) Use the animation feature of your computer algebra 

system to make a movie of the solution to Problem 7. 
Consider the vibrating string in Problem 10. Use a CAS to plot 
the partial sum S,(x, 4); that is, the first six nonzero terms of your 
solution u(x, ft) for t = 0.25k, k = 0, 2, 3, 4, 6, 8, 10, 14. Assume 
that a = 1,h = 1, and L = 7. Then superimpose the eight graphs 
on the same coordinate system. 


insulated 


FIGURE 13.5.1 Find the temperature u in 
a rectangular plate 


/135| Laplace's Equation 


INTRODUCTION Suppose we wish to find the steady-state temperature u(x, y) ina rectangular 
plate whose vertical edges x = 0 and x = aare insulated, and whose upper and lower edges y = b 
and y = 0 are maintained at temperatures f(x) and 0, respectively. See FIGURE 13.5.1. When no 
heat escapes from the lateral faces of the plate, we solve the following boundary-value problem: 


vu du 
—+—=0 U<s<0 0<y<e (1) 
Ox oy 

a a 

~| =0, =| =0,0<y<b (2) 
OX |n=6 OX esa 
u(x,0)=0, u(x, b) =f), O<x<a. (3) 


I| Solution of the BVP With w(x, y) = X(x)Y(y), separation of variables in (1) leads to 


x" y" 

— ==) 

x Y 

X" + AX = (4) 
Y" —-AY=0. (5) 


The three homogeneous boundary conditions in (2) and (3) translate into X'(0) = 0, X'(a) = 0, 
and Y(0) = 0. The Sturm—Liouville problem associated with the equation in (4) is then 


X" + AX =0, X'(0) = 0, X'(a) = 0. (6) 


Examination of the cases corresponding to A = 0, A = —a’ <0, and A = a’ > 0, where a > 0, 
has already been carried out in Example | in Section 12.5. For convenience a shortened version 
of that analysis follows. 

For A = 0, (6) becomes 


xX" =0, X'(0) =0, X'(a) = 0. 


The solution of the ODE is X = c, + c.x. The boundary condition X'(0) = 0 then implies c, = 0, 
and so X = c;. Note that for any c,, this constant solution satisfies the second boundary condition 
X'(a) = 0. By imposing c, # 0, X = c, is anontrivial solution of the BVP (6). For A = —a’? <0, 
(6) possesses no nontrivial solution. For A = a’ > 0, (6) becomes 


Xx” + oe°X=0, X'0)=0, Xa) = 0. 


Applying the boundary condition X ‘(0) = 0 the solution X = c, cos ax + Cc, sin ax implies c, = 0 
and so X = c,cos ax. The second boundary condition X’(a) = 0 applied to this last expression 
then gives —c,a@ sin aa = 0). Because a > 0, the last equation is satisfied when aa = nz or 
a =nt/la,n = 1,2,.... The eigenvalues of (6) are then Ay and A,, = a? = n/a’, n = 1,2,.... 
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By corresponding Ay = 0 with n = 0, the eigenfunctions of (6) are 


ni 
X=c,,n=0, and X =c,cos x, n=1,2,.... 
a 


We must now solve equation (5) subject to the single homogeneous boundary condition 


Y(0) = 0. First, for Aj = 0 the DE in (5) is simply Y” = 0, and thus its solution is Y = c; + cyy. But 
22 

¥(0) = O implies c, = 0 so ¥ = cyy. Second, for A, = n?z7°/a’, the DE in (5) is ¥" — “y= 0. 

Because 0 < y < bis a finite interval, we write the general solution in terms of hyperbolic 


functions: 


Why hyperbolic functions? > 


ee pases 121 and 692. Y(y) = c3 cosh(nary/a) + c, sinh(n7ry/a). 


From this solution we see Y(0) = 0 again implies c; = 0 so Y = cy sinh(n7ry/a). 
Thus product solutions u,, = X(x)Y(y) that satisfy the Laplace’s equation (1) and the three 
homogeneous boundary conditions in (2) and (3) are 


_. a nr 
Aoy, n=O, and A, sinh - y COS . x, n=1,2,..., 


where we have rewritten c,c, as Ay form = 0 andas A,, forn = 1, 2,.... 
The superposition principle yields another solution 


= og, WT nt 
u(x, y) = Agy + JA, sinh 08 (7) 
n=1 


Finally, by substituting y = b in (7) we see 


= .. nT nt 
u(x, b) = f(x) = Apb + ¥ (4, sinh ae ») cos a 
n=1 


is a half-range expansion of fin a Fourier cosine series. If we make the identifications Agb = a)/2 
and A, sinh(n7rb/a) = a,,n = 1, 2,..., it follows from (2) and (3) of Section 12.3 that 


pee | f(x) dx 
a Jo 


1 a 
Ay > =| f(x) dx (8) 
ab Jo 
_. nr 2{° ni 
and A,, sinh — b = | f(x) cos — x dx 
a aJy a 
2 a 
A, = —— | fo cos x dx. (9) 
Fe a 


_ 2 nT 
a sinh —— b 
a 


The solution of the boundary-value problem (1)-—(3) consists of the series in (7), with coef- 
ficients Ap, and A,, defined in (8) and (9), respectively. 


[| Dirichlet Problem A boundary-value problem in which we seek a solution to an elliptic 
partial differential equation such as Laplace’s equation Vu = 0 within a region R (in the plane 
or 3-space) such that u takes on prescribed values on the entire boundary of the region is called 
a Dirichlet problem. In Problem 1 in Exercises 13.5 you are asked to show that the solution of 
the Dirichlet problem for a rectangular region 

au a°u 

gt aap Us O0<x<a, O<y<b 

Ox oy 


uO, y)=0, u(a,y) =0 
u(x, 0) =0, u(x, b) = f(x) 
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(b) Isotherms 


FIGURE 13.5.2 Surface is graph of partial 
sums when f(x) = 100 anda = b= 1 
in (10) 


ee) 


u(x, y) = 


bs ad 


nT 


Ahh eS eh 2S [ feosin™ xa (10) 
an 7 > Sin x where A, 7 Pare IX. 


a sinh —— 
a 


In the special case when f(x) = 100, a = 1, b = 1, the coefficients A, are given by 
; { ) . With the help of a CAS the plot of the surface defined by u(x, y) over 
nt sinh nar 
the region R:0 =x = 1,0 = y = 1 is given in FIGURE 13.5.2(a). You can see in the figure that 
boundary conditions are satisfied; especially note that along y = 1,u = 100 forO0 =x <1. 
The isotherms, or curves, in the rectangular region along which the temperature u(x, y) is 
constant can be obtained using the contour plotting capabilities of a CAS and are illustrated 
in Figure 13.5.2(b). The isotherms can also be visualized as the curves of intersection (pro- 
jected into the xy-plane) of horizontal planes u = 80, u = 60, and so on, with the surface in 
Figure 13.5.2(a). Notice that throughout the region the maximum temperature is u = 100 and 
occurs on the portion of the boundary corresponding to y = 1. This is no coincidence. There 
is a maximum principle that states a solution u of Laplace’s equation within a bounded 
region R with boundary B (such as a rectangle, circle, sphere, and so on) takes on its maximum 
and minimum values on B. In addition, it can be proved that u can have no relative extrema 
(maxima or minima) in the interior of R. This last statement is clearly borne out by the surface 
shown in Figure 13.5.2(a). 


A= 


n 


I Superposition Principle A Dirichlet problem for a rectangle can be readily solved by 
separation of variables when homogeneous boundary conditions are specified on two parallel 
boundaries. However, the method of separation of variables is not applicable to a Dirichlet 
problem when the boundary conditions on all four sides of the rectangle are nonhomogeneous. 
To get around this difficulty we break the boundary-value problem 


ou ou 

ar) —, = 0, O0O<x<a,0<y<b 

Ox oy 

uO, y) = Fly), ua, yy) = G(y), O< y<b (11) 
u(x, 0) = f(x), u(x, b) = g(x), O<x<a 


into two problems, each of which has homogeneous boundary conditions on parallel boundaries, 
as shown. 


Problem | Problem 2 
cr one \ cr aia ~ 
au, uy, au5 au> 
aaae > =0, 0<x<a 0<y<b pe, =O OA eee, Oy 
Ox oy” Ox” 0 
u,(0, y) = 0, u,(a, y) =, 0, 0 < y < b u,(0, y) = F(), u,(a, y) = G(y), 0 < y < b 
u,(x, 0) = f@), u(x, b) = g(x), O<x<a u(x, 0) = 0, u,(x,b)=0, O<x<a 


Suppose u, and uy are the solutions of Problems | and 2, respectively. If we define 
u(x, y) = uy(x, y) + Uuy(x, y), it is seen that u satisfies all boundary conditions in the original 
problem (11). For example, 


u(O, y) = u,(0, y) + u,(0, y) = 0 + Fy) = Fly) 
u(x, b) = u,(x, b) + un(x, b) = g(x) + 0 = gr) 


and so on. Furthermore, u is a solution of Laplace’s equation by Theorem 13.1.1. In other 
words, by solving Problems | and 2 and adding their solutions we have solved the original 
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problem. This additive property of solutions is known as the superposition principle. See 


FIGURE 13.5.3. 


FIGURE 13.5.3 Solution u = Solution u, of Problem 1 + Solution uw, of Problem 2 


We leave as exercises (see Problems 13 and 14 in Exercises 13.5) to show that a solution of 


Problem | is 


ni NT _ nt 
u(x, y) = > A, cosh re + B,, sinh a fs % 


n=1 


a _ nw 
where A, = —| f(x) sin — x dx 
a)o a 


i om i _ nw nT 
B,,.= = || = | #(x) sin — x: dx — A, cosh ——5 }, 
” ajo a a 


_. nT 
sinh — b 
a 


and that a solution of Problem 2 is 


(2.33 


ux(x,y) = > 


where 


n=1 


nT _. nT _ NT 
{4, cosh — x + B, sinh x sini— y, 
b b 


b? 


of _ nw 
A, = ~| F(y)sin —_ y dy 
DJo 


b 


il at _ nw ni 
>| G(y)sm—__ vay — A, cosh ——a | 
sg AT 0 b b 
sinh ms a 


b 
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In Problems 1-10, solve Laplace’s equation (1) for a rectangular 5. u(0, y) = 0, ud,y) =1-—y 
plate subject to the given boundary conditions. au au 
— =), — = 
1. u(0, y) = 0, u(a, y) = 0 dy |y=0 dy |y=1 
0 
u(x, 0) = 0, u(x, b) = f(x) 6. u(0, y) = a(y), = =0 
|= 
2. u(0,y) = 0, ula, y) = 0 = 
ou ou 
ou =~ _ 
— = 0, u(x, b) = f@) dy |y=0 OY |y=a 
OY |y=0 a 
7. ee = u(0, y), u(7, y) = 1 
3. u(0,y) = 0, u(a, y) = 0 ax |x=0 _ 


u(x, 0) = f(x), u(x, b) = 0 


u(x, 0) = 0, u(x, 7) = 0 


a | =9 %#| <6 8. u(0, y) = 0, ul, y) = 0 
ax =0 “0% |eeag ou 
i = u(x, 0), u(x, 1) = f(x) 
u(x, 0) = x, u(x, b) =0 pe 
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9. u(0, y) = 0, u(l, y) = 0 
u(x, 0) = 100, u(x, 1) = 200 
Ou 
10. u(0, y) = 10y, — =-] 
Ox 


x=1 


u(x, 0) = 0, u(x, 1) = 0 


In Problems 11 and 12, solve Laplace’s equation (1) for the 
semi-infinite plate extending in the positive y-direction. In each 
case assume that u(x, y) is bounded at y > oo. 


i:  % 12. ¥ 


nw=0 ii insulated insulated 


o fx 


w= fix) 


of a 


u=flx) 


FIGURE 13.5.4 Semi-infinite 
Plate in Problem 11 


FIGURE 13.5.5 Semi-infinite 
Plate in Problem 12 


In Problems 13 and 14, solve Laplace’s equation (1) for a 
rectangular plate subject to the given boundary conditions. 
13. u(0, y) = 0, u(a, y) = 0 

u(x, 0) = f(x), uQ, b) = gx) 
14. u(0, y) = F(y), ula, y) = G(y) 

u(x, 0) = 0, u(x, b) = 0 
In Problems 15 and 16, use the superposition principle to solve 
Laplace’s equation (1) for a square plate subject to the given 
boundary conditions. 
15. u(0,y) = 1, uz, y) = 1 

u(x, 0) = 0, u(x, 7) = 1 
16. u(0, y) = 0, u(Q2, y) = y2 — y) 

(x, 0) = 0, uf ens = 21 
oe ae 2-x, 1<x<2 


17. In Problem 16, what is the maximum value of the temperature 
uforO=x=2,0Sy=2? 


Computer Lab Assignments 


18. (a) In Problem | suppose a = b = w and f(x) = 100x(a — x). 
Without using the solution u(x, y) sketch, by hand, what 
the surface would look like over the rectangular region 
defined byO=x=7,0Sy7. 

What is the maximum value of the temperature u for 
Os=x=7,0Sy=7? 


(b 


w—a 


(c) Use the information in part (a) to compute the coefficients 
for your answer in Problem 1. Then use the 3D-plot 
application of your CAS to graph the partial sum S;(x, y) 
consisting of the first five nonzero terms of the solution 
in part (a) forO =x =7,0Sy=7. Use different 
perspectives and then compare with part (a). 


19. (a) Use the contour-plot application of your CAS to graph the 
isotherms u = 170, 140, 110, 80, 60, 30 for the solution 
of Problem 9. Use the partial sum S;(x, y) consisting of 
the first five nonzero terms of the solution. 


(b) Use the 3D-plot application of your CAS to graph the 
partial sum S5(x, y). 


20. Use the contour-plot application of your CAS to graph the 
isotherms u = 2, 1, 0.5, 0.2, 0.1, 0.05, 0, —0.05 for the solu- 
tion of Problem 10. Use the partial sum S;(x, y) consisting of 
the first five nonzero terms of the solution. 


Discussion Problems 


21. Solve the Neumann problem for a rectangle: 


ou au 
a ta = 0, O<x<a,0<y<b 
ax’ ay 
Ou Ou 

; 0, 0<x<a 
dy ly=0 dy y=b 
ou ou 

: = g(y), O< y<b. 
Ox x=0 ox x=a 


(a) Explain why a necessary condition for a solution u to 
exist is that g satisfy 


b 
| g(y)dy = 0. 
0 


This is sometimes called a compatibility condition. Do 
some extra reading and explain the compatibility condi- 
tion on physical grounds. 


(b) If wis a solution of the BVP, explain why u + c, where 
c is an arbitrary constant, is also a solution. 
22. Consider the boundary-value problem 
au au 


ae aye O0<x<1,0<y<q7 


u(O, y) = ugcosy, u(1, y) = uo(1 + cos2y) 


ou 
dy 


Ou 
= 0, 
y=0 dy 


y= 7 
Discuss how the following answer was obtained 


u 
—*_ sinh(1 — x) cosy + — 
sinh | sin 


Uo 


U(X, Y) = Ugx + 5 sinh 2x cos 2y. 


Carry out your ideas. 
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/13.6| Nonhomogeneous Boundary-Value Problems 


INTRODUCTION A boundary-value problem is said to be nonhomogeneous if either the 
partial differential equation or the boundary conditions are nonhomogeneous. The method of 
separation of variables employed in the preceding three sections may not be applicable to a 
nonhomogeneous boundary-value problem directly. In the first of the two techniques examined 
in this section we employ a change of dependent variable u = v + w that transforms a nonho- 
mogeneous boundary-value problem into two BVPs: one involving an ODE and the other involv- 
ing a PDE. The latter problem is homogeneous and solvable by separation of variables. The 
second technique may also start with a change of a dependent variable, but is basically a frontal 
attack on the BVP using orthogonal series expansions. 

The two solution methods that follow are distinguished by different types of nonhomogeneous 
boundary-value problems. 


I| Time Independent PDE and BCs We first consider a BVP involving a time-independent 
nonhomogeneous equation and time-independent boundary conditions. An example of such a 
problem is 


au Ou 
k— + FQ) =~, O<x <1, t > 0 
Ox ot 


u(O, t) = up, Uu(L,t) = uw, t > 0 (1) 
u(x, 0) = f(x), O< x < ZL, 


where k > 0 is a constant. We can interpret (1) as a model for the temperature distribution 
u(x, tf) within a rod of length L where heat is being generated internally throughout the rod by 
either electrical or chemical means at a rate F(x) and the boundaries x = 0 and x = Lare held at 
constant temperatures uw, and u,, respectively. When heat is generated at a constant rate r within 
the rod, the heat equation in (1) takes on the form 
au ou 
k 1 +r ai (2) 

Now equation (2) is readily shown not to be separable. On the other hand, suppose we wish to 
solve the usual homogeneous heat equation ku,,. = u, when the boundaries x = 0 and x = L are 
held at, say, nonzero temperatures. Even though the substitution u(x, t) = X(x)T(t) separates the 
PDE, we quickly find ourselves at an impasse in determining eigenvalues and eigenfunctions be- 
cause no conclusion about the values of X(0) and X(L) can be drawn from u(x, 0) = X(0)T(t) = uy 
and u(x, L) = X(L)T(d) = uy. 

By changing the dependent variable u to a new dependent variable v by the substitution 
u(x, ft) = v(x, 1) + w(x), (1) can be reduced to two problems: 


Problem A: {kis" + F(x) = 0, (0) = uw, WL) = uy 


ax ot’ 
v(0, t) = 0, v(L,f) = 0 


v(x, 0) = fx) — w) 


Problem B: 


Observe in Problem A that the simple ODE ky” + F(x) = Ocan be solved by integration. Moreover, 
Problem B is a homogeneous BVP that can be solved straight away by the method of separation 
of variables. A solution of the given nonhomogeneous problem is then a superposition of solutions: 


Solution u = Solution y& of Problem A + Solution v of Problem B. 


There is nothing in the above discussion that should be memorized; you should work through 
the substitution u(x, 1) = v(x, 1) + w(x) each time as outlined in the next example. 
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| EXAMPLE1 | Time-Independent PDE and BCs 


ru Ou 
Solve k— +r=—,0<x<1,1>0 
Ox ot 
u0,) =0, vi,jd =u, t>0 (3) 


u(x, 0) = fx), O<x <1, 
where r and uw, are nonzero constants. 


SOLUTION Both the partial differential equation and the boundary condition at x = | are 
nonhomogeneous. If we let u(x, t) = v(x, ft) + W(x), then 


ru av + ws" ) d ou ov 
og Sa x. an 7 
ax? ax? ot ot 


After substituting these results, the PDE in (3) then becomes 


oy 


” — ov 
koe + ky +r= or (4) 


Equation (4) reduces to a homogeneous equation if we demand that yf satisfy 
kip"(x) + r = 0 or w(x) = —— 
Integrating the last equation twice reveals that 
w(x) = a + cx + cp. (5) 
Furthermore, u(O, t) = v(0, t) + yO) = O 
ui, t) = vd, ft) + Wd) = yy. 
We have v(0, #) = 0 and v(1, 7) = 0 provided that w also satisfies 


w(O)=0 and wl)=u,. 


By applying the latter two conditions to (5) we obtain, in turn, c, = 0 and c,; = 1/2k + uy. 
Consequently 


w(x) = a + (Z + me 


Finally, the initial condition in (3) implies v(x, 0) = uy, 0) — W(x) = f(x) — WO). 
Thus to determine v(x, t) we solve the new boundary-value problem 


av Ov 
so po OMe <1 tS 0 
Ox ot 
v0, =0, vd, =0, t>0 
r 
v(x, 0) = f(x) + ee -(4 + ms 0<x<il 


by separation of variables. In the usual manner we find 


v(x, t) = XA, e tein nix, (6) 


n=1 


1 
where A= 2| Li i gt (= + asin nix dx. (7) 
0 
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A solution of the original problem is u(x, t) = v(x, t) + Wx), or 


uxt) = ee + (Z + ui) + 2A e sin nix, (8) 


where the coefficients A,, are defined in (7). = 


Inspection of (6) shows that v(x, t) > 0 as t— ©, and so v(x, f) is called a transient solution. 
But observe in (8) that u(x, t) > W(x) as t— ~. In the context of solving forms of the heat equa- 
tion, (x) is called a steady-state solution. 


I| Time-Dependent PDE and BCs _ We turn now to a method for solving some kinds of 
BVPs that involve a time-dependent nonhomogeneous equation and time-dependent boundary 
conditions. A problem similar to (1), 


ou Ou 
k— + FXO) =, O0<x<Lt>0 
Ox ot 


u(O, tf) = u(t), u(L, t) = u,(t), t > 0 (9) 
u(x, 0) = f(x), O< x < ZL, 


describes the temperatures of a rod of length L but in this case the heat-source term F and the tem- 
peratures at the two ends of the rod can vary with time ¢. Intuitively one might expect that the line 
of attack for this problem would be a natural extension of the procedure that worked in Example 1, 
namely, seek a solution of the form u(x, f) = v(x, 1) + W(x, f). While this form of the solution is 
correct in some instances, it is usually not possible to find a function of two variables (x, £) that 
reduces a problem for v(x, f) to a homogeneous one. To understand why this is so, let’s see what 
happens when u(x, t) = v(x, t) + w(x, f) is substituted into the PDE in (9). Because 


a a a F) F) a 
ee. a (10) 
Ox ox Ox ot ot ot 
the BVP (9) becomes 

a a F) a 

ae ae or ees 
Ox Ox ot ot 

vO, t) + WO, t) = u(t), v(L, 1) + WL, t) = u(2) (11) 


v(x, 0) = fix) — (x, 0). 
The boundary conditions on v in (11) will be homogeneous if we demand that 
WO, 1) = u(t), WL, t) = u,(0). (12) 


Were we, at this point, to follow the same steps in the method used in Example 1, we would try 
to force the problem in (11) to be homogeneous by requiring kis, + F(x, 1) = w, and then im- 
posing the conditions in (12) on the solution yw. But in view of the fact that the defining equation 
for ¢ is itself a nonhomogeneous PDE, this is an unrealistic expectation. So we try an entirely 
different tack by simply constructing a function yw that satisfies both conditions given in (12). 
One such function is given by 


W(x, t) = up(t) + jlo — u(t]. (13) 


Reinspection of (11) shows that we have gained some additional simplification with this choice 
of ys because y,,. = 0. We now start over. This time if we substitute 


ulx, ) = v(x, 0) + u(t) + jlo — w(i)] (14) 
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the boundary-value problem (11) then becomes 


av av 
k— Gai) = —, 0<2< £10 
Ox ot 


v(0,f) = 0, wWL,t)=0,t>0 (15) 


v(x, 0) = f&) — Ww, 0), O< x < ZL, 


where G(x, t) = F(x, t) — wW, While the problem (15) is still nonhomogeneous (the boundary 
conditions are homogeneous but the partial differential equation is nonhomogeneous) it is a 
problem that we can solve. 


Hi The Basic Strategy The solution method for (15) is a bit involved, so before illustrating 
with a specific example, we first outline the basic strategy: 


Make the assumption that time-dependent coefficients v,(4) and G,,(¢) can be found such 
that both v(x, #) and G(x, ft) in (15) can be expanded in the series 


ee) 


v(x, 1) = >y,Osinx and G(x, 1) = G,(Osinx, (16) 
n=1 1 


L= 


where sin(n7x/L),n = 1, 2,3,..., are the eigenfunctions of X" + AX = 0, X(0) = 0, 
X(L) = 0 corresponding to the eigenvalues A, = a, = n°a/L’. This Sturm-Liouville 
problem would have been obtained had separation of variables been applied to the associated 


homogeneous BVP of (15). In (16), observe that the assumed series v(x, t) = = v(sin— x 
n=1 

already satisfies the boundary conditions in (15). Now substitute this series for v(x, f) into the 

nonhomogeneous PDE in (15), collect terms, and equate the resulting series with the actual 


series expansion found for G(x, 1). 
In the next example we illustrate this method by solving a special case of (9). 


| EXAMPLE2 | Time-Dependent Boundary Condition 


ou Ou 
—z=—_,0<x<1,t>0 
Ox ot 


Solve 


u(O, t) = cost, ud, = 0, t>0 

u(x,0) =0,0<x< 1. 
SOLUTION We match this problem with (9) by identifying k = 1, L = 1, F(x, 1) = 0, 
uo(t) = cost, u,(t) = 0, and f(x) = 0. We begin with the construction of w. From (13) 
we get 

s(x, 1) = cost + x[0 — cost] = (1 — x)cost, 
and then, as indicated in (14), we use 
u(x, t) = v(x, t) + (1 — x)cost (17) 

and substitute the quantities 


vu av au a 
ax? ax?” ats 


: + (1 — x\(-sind, 
u(0, t) = v(O,f) + cost, u(1,t) = vd, f) and u(x, 0) = va, 0) + 1 -— x 
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into the given problem to obtain the BVP for v(x, 1): 


av : av 
+> +d —xsnt=—, 0O<x<1,1>0 
Ox ot 


v(0,t) = 0, vd,A) = 0, t>0 (18) 
wx,0) =x-1,0<x <1. 
The eigenvalues and eigenfunctions of the Sturm-Liouville problem 
X" + AX =0, X(0) =0, XC) =0 


are found to be A, = a2 = n'a’ and sinn7x, n = 1,2,3,.... With G(x, f) = (1 — x)sint we 


assume from (18) that for fixed ¢, v and G can be written as Fourier sine series: 


v(x, ft) = > v,(t) Sin n77rx (19) 
n=1 

and (1 — x)sint = 'G,(@)sin nox. (20) 
n=l 


By treating ¢ as a parameter, the coefficients G,, in (20) can be computed: 


2 
G1) = 2 
0 


1 1 


2 
(1 — x)sin¢ sin naxdx = 2sine| (1 — x)sinnawxdx = ——sint. 
nt 


0 


eee) 
Hence, (1 — x)sint = Dy, sine sin nx. (21) 


n=1 


We can determine the coefficients v,(t) by substituting (20) and (21) back into the PDE in 
(18). To that end, the partial derivatives of v are 


ae ve 
== DS v,()(—n?7*)sin nvx and —= ~~ v}(f)sin nx. (22) 
ox n=1 ot n=1 


Writing the PDE in (18) as v, — v,, = (1 — x)sin¢ and using (21) and (22) we get 


< SS 2sint 
SLO + ?7°’v,(O]sin nzx = > 
n=1 


n=1 


sin n7rx. 


We then equate the coefficients of sin n7rx on each side of the equality to get the linear first- 
order ODE 
2sint 


vi(t) + way,(t) = : 
ni 


Proceeding as in Section 2.3, we multiply the last equation by the integrating factor e”” and 


rewrite it as 
2 


d nwt 2 2. 
—[e"™ 'v,(f)] = —e"'sint. 
“Tey = = 


Integrating both sides, we find that the general solution of this equation is 


na’sint — cost ~ wags 
v(t) = 2 + Coe ; 


na(n'a* + 1) " 


where C,, denotes the arbitrary constant. Therefore the assumed form of v(x, f) in (19) can be written 


x | na? sint — cost 


wx, ) = SF} 2 


ome ni(n'a* + 1) 


+ Cu sin n7rXx. (23) 
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The coefficients C,, can be found by applying the initial condition v(x, 0) to (23). 
From the Fourier sine series, 


2 -2 
x-l= >| + C,, |sin narx (24) 


ZB Lna(n'a* + 1) 


we see that the quantity in the brackets represents the Fourier sine coefficients b, for x — 1. 
That is, 


-2 ' -2 -2 
Tad + c, = 2| (x — l)sinnaxdx or TA C, = : 
ni(n'a + 1) 0 n(n + 1) ni 
2 2 
Therefore, C, = qd = : 
nmin +1) nw 
By substituting the last result into (23) we obtain a solution of (18): 
2 2 [reasint — cost +e"! eh). 
v(x, t) = y rae _ sin N7rXx. 
T= n(n T+ 1) n 


At long last, then, it follows from (17) that the desired solution u(x, f) is 


22 
= tT ib 


oo ee — cost+te 


emt 
aT sin n77rX. = 
n(n'a" + 1) n 


2 

u(x, t) = (1 — x)cost + 2 

If the boundary-value problem has homogeneous boundary conditions and a time-dependent 
term F(x, f) in the PDE, then there is no actual need to change the dependent variable through 
the substitution u(x, f) = v(x, t) + W(x, f). For example, if both wp and uw, are 0 ina problem such 
as (9), then it follows from (13) that W(x, 1) = 0. The method of solution then begins by assuming 
an appropriate orthogonal series expansions for u(x, ft) and F(x, f) as in (16), where the symbols 
v and G in (16) are naturally replaced by u and F, respectively. 


| EXAMPLE3 | Time-Dependent PDE and Homogeneous BCs 


ou . ou 
Solve +z td — xsnt = —, O<x<1,t>0 
Ox ot 
u0,t) = 0, ui,) =0,t>0 (25) 


u(x,0) = 0, 0O<x< 1. 


SOLUTION Except for the initial condition, the BVP (25) is basically (18). As pointed out 
in the paragraph preceding this example, because the boundary conditions are both homoge- 
neous we have w(x, t) = 0. Thus all steps in Example 2 used in the solution of (18) are the 
same except the initial condition u(x, 0) = 0 indicates that the analogue of (24) is then 

pe =2 


0= + C, |sin n7rx. 
>> ni(n'a* + 1) 


We conclude from this identity that the coefficient of sin n7x must be 0 and so 


2 


ni(n*a* + 1) 


no 


Hence a solution of (25) is 


2 & [n’a’sint — cost err . 
u(x, t) = eo ar 3 oz sin nx. 
Weg Howe 1) n(n'q"* + 1) 
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In Problems 13-16 in Exercises 13.6 you are asked to construct (x, f) as illustrated in 
Example 2. In Problems 17-20 of Exercises 13.6 the given boundary conditions are homogenous 
and so you can start as we did in Example 3 with the assumption that (x, f) = 0. 


REMARKS 


Don’t put any special emphasis on the fact that we used the heat equation throughout the 
foregoing discussion. The method outlined in Example | can be applied to the wave equation 


and Laplace’s equation as well. See Problems 1-12 in Exercises 13.6. The method outlined 
in Example 2 is predicated on time dependence in the problem and so is not applicable to 
BVPs involving Laplace’s equation. 


REX | Exercises| Answers to selected odd-numbered problems begin on page ANS-32. 


In Problems 1-12, proceed as in Example | of this section to 
solve the given boundary-value problem. 


In Problems 1 and 2, solve the heat equation ku,, = u,,0<x< 1, 
t > 0 subject to the given conditions. 


1. u(0, 7) = 100, ul, t) = 100 


u(x, 0) = 0 
2. u(0,t) =u, ull, t) =0 
u(x, 0) = f(x) 


In Problems 3 and 4, solve the heat equation (2) subject to the 
given conditions. 


3. u(0, ft) =u, ul, t) = uy 


u(x, 0) = 0 
4. u0,) =u, ud,p) =u, 
u(x, 0) = f(x) 


5. Solve the boundary-value problem 
au = ou 
bk, tae PS pH0,0<2<1,750 
Ox ot 


u(0,1)=0, ul, =0, t>0 
u(x, 0) = f(x), O<x< 1, 


where A is a constant. The PDE is a form of the heat equation 
when heat is generated within a thin rod due to radioactive 
decay of the material. 

6. Solve the boundary-value problem 


au 


ax? 


ou 
k — hu =, O0<x<a7, t>0 


u(0,f) =0, u(7,t) =u, t>0 


u(x, 0) =0, O0<x<7. 


The PDE is a form of the heat equation when heat is lost by 
radiation from the lateral surface of a thin rod into a medium 
at temperature zero. 


. Find a steady-state solution w(x) of the boundary-value 


problem 
ou 
k— —- hu - uw) =—, O0<x<1, t>0 
x or 


u(0, t) = Uo, u(l, t) = 0, t> 0 


u(x, 0) = f(x), O<x< 1. 


. Find a steady-state solution (x) if the rod in Problem 7 


is semi-infinite extending in the positive x-direction, 
radiates from its lateral surface into a medium at tem- 
perature zero, and 


u(O, t) =u, lim u(x, t) = 0, t>0 


u(x, 0) = f(x), x > 0. 


. When a vibrating string is subjected to an external vertical 


force that varies with the horizontal distance from the left end, 
the wave equation takes on the form 
4 au au 
a ay + Ax = 2? 
Ox ot 
where A is constant. Solve this partial differential equation 
subject to 


uO, = 0, ul,j =0, t>0 


Ou 
u(x, 0) = 0, — 


=0,0<x< 1. 
ot 1=0 
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10. A string initially at rest on the x-axis is secured on the x-axis 


11. 


12. 


at x = 0 and x = 1. If the string is allowed to fall under its 
own weight for ¢ > 0, the displacement u(x, £) satisfies 


5 ou ou 
—-g=—> 


ap OS * <1 > 0, 


where g is the acceleration of gravity. Solve for u(x, 1). 

Find the steady-state temperature u(x, y) in the semi-infinite 
plate shown in FIGURE 13.6.1. Assume that the temperature is 
bounded as x > oo. [Hint: Use u(x, y) = v(x, y) + W(y).] 


uU=Up 


u=uy 


FIGURE 13.6.1 Semi-infinite plate in Problem 11 


The partial differential equation 


2 


au 
rae = —h, 
Ox" ) 


where hh > 0 is aconstant, occurs in many problems involving 
electric potential and is known as Poisson’s equation. Solve 
the above equation subject to the conditions 


u(0,y) = 0, u(7,y)=1, y>O 


u(x, 0) =0, O0<x< 7. 


In Problems 13-16, proceed as in Example 2 to solve the given 
boundary-value problem. 


13. 


14. 


ou Ou 

— =, OX2<1L7>0 
Ox ot 

u(O, t) = sint, ul, t) = 0, t>0 


u(x,0) =0,0O<x<1 


Ovu ou 

— + 2tt+ 3x=—, O<x<l1,t>0 
Ox Ot 

u(0,t) =?t?, ul,) =1,t>0 
u(x, 0) = x7, O<x<1 


15. 


16. 


au ou 
7 — 5 0<x<1,tr>0 

Ox ot 

u(O,t) = 0, u(l,t) = sint, t > 0 
Ou 

u(x, 0) = 0, — =0,0<x<1 
dt |t=0 

ou Ou 


~ Op? O<x<1,rt>0 


u0,f))=1—e"', ul,jbN=l-e't>0 
u(x,0) =0,0<x<1 


In Problems 17—20, proceed as in Example 3 to solve the given 
boundary-value problem. 


17. 


18. 


19. 


20. 


Pu 31 

—z txe N= —, O<x<7,t>0 
Ox ot 

u(0,t) = 0, u(7,t) = 0, t>0 


u(x,0) = 0, 0O<x< 7. 


2 


Ou = ou 
— txe N= —, O<x<7,t>0 
Ox ot 
Ou Ou 

= 0, =0,t>0 
OX|.=0 OX| =a 


u(x,0) = 0, 0<x<a7 


ru Ou 

— ~l1+x-xcost=—, 0<x<1,1>0 
Ox t 

u(0O,t) = 0, ul,t) = 0, t>0 


u(x, 0) = x1 -— x), O<x< 1 


au a 
—z +t snxcost=—5, O<x<a7,t>0 
Ox Ot 


u(O, t) = 0, u(v,t) = 0, t > 0 
Ou 

u(x,0) = 0, — =0,0<x<7 
dt |;=0 


13.7| Orthogonal Series Expansions 


INTRODUCTION | Forcertain types of boundary conditions, the method of separation of vari- 
ables and the superposition principle lead to an expansion of a function in an infinite series that 
is not a Fourier series. To solve the problems in this section we shall utilize the concept of or- 
thogonal series expansions or generalized Fourier series developed in Section 12.1. 
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| EXAMPLE1 | Using Orthogonal Series Expansions 


The temperature in a rod of unit length in which there is heat transfer from its right boundary 
into a surrounding medium kept at a constant temperature zero is determined from 


vu du 
k—7 = 0= 241,750 
Ox ot 
ou 
u(0,t) = 0, — = —-hu(l,t), h>0, t>0 


Ox 


x=1 
u(x,0)=1, O<x<l. 
Solve for u(x, f). 


SOLUTION Proceeding exactly as we did in Section 13.3, with u(x, f) = X(x)T(t) and —A as 
the separation constant, we find the separated ODEs and boundary conditions to be, respectively, 


xX” + AX =0 (1) 
T' +kAT=0 (2) 
X(0)=0 and = Xl) = —AX(1). (3) 


Equation (1) along with the homogeneous boundary conditions (3) comprise the regular 
Sturm-Liouville problem: 


X" + 4X = 0, X(0) = 0, X'(1) + hx) = 0. (4) 


Except for the presence of the symbol h, the BVP in (4) is essentially the problem solved in 
Example 2 of Section 12.5. As in that example, (4) possesses nontrivial solutions only in the 
case A =a’ >0,a>0. The general solution of the DE in (4) is X(x) = c, cos ax + c) sin ax. 
The first boundary condition in (4) immediately gives c,; = 0. Applying the second boundary 
condition in (4) to X(x) = c, sin ax yields 


acosat+hsinan=0 or tana= = (5) 


Because the graphs of y = tan x and y = —x/h, h > 0, have an infinite number of points of 
intersection for x > 0 (Figure 12.5.1 illustrates the case h = 1), the last equation in (5) has an 
infinite number of roots. Of course, these roots depend on the value of h. If the consecutive 
positive roots are denoted a, n = 1,2,3,..., then the eigenvalues of the problem are A,, = a, 
and the corresponding eigenfunctions are X(x) = c) sina,x,n = 1, 2, 3,.... The solution of 
the first-order DE (2) is T(t) = ce kent and so 


u, = X(X)T(t) = A,e™"'sina,x and u(x, A) = SA,e ht sina, x. 
n=1 
Now at t = 0, u(x, 0) = 1,0 <x < 1, so that 


1= SA, sina, x. (6) 
n=1 
The series in (6) is not a Fourier sine series; rather, it is an expansion of u(x, 0) = | in terms 
of the orthogonal functions arising from the Sturm—Liouville problem (4). It follows that the 
set of eigenfunctions {sina,x},n = 1, 2,3,..., where the a’s are defined by tan a = —a/h is 
orthogonal with respect to the weight function p(x) = 1 on the interval [0, 1]. With f(x) = 1 and 
,(x) = sin a,x, it follows from (8) of Section 12.1, that the coefficients A,, in (6) are 


lL. 
Jo sin a, x dx 


A (7) 


n~ ol. : 
Jo sin? a, x dx 


To evaluate the square norm of each of the eigenfunctions we use a trigonometric identity: 


oe it 1 it 
sin’ a,x dx = =| (1 — cos 2a,x) dx = =| 1 — =—sin 2a, }. (8) 
0 2Jo 2 


2a, 
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twisted shaft 


FIGURE 13.7.1 The twist angle 6 in 
Example 2 


| EXAMPLE2 | Using Orthogonal Series Expansions 


With the aid of the double angle formula sin 2a,, = 2 sin a, cos a, and the first equation in (5) 
in the form a, cos a, = —h sin a,, we can simplify (8) to 


1 
‘5 1 

| sin’? a, x dx = —(h + cos’ a,). 

0 2h 


1 1 
1 
Also | sina, xdx = ——cosa,x| = —( — cosa,). 
0 n 0 a, 


Consequently (7) becomes 


2h(1 — cosa,) 


~ a,(h + cosa,)' 


A 


n 


Finally, a solution of the boundary-value problem is 


be 1 — cosa, he 


u(x, t) = 2h 


sina, x. 


= a,(h + cos*ar,) 


The twist angle 0(a, f) of a torsionally vibrating shaft of unit length is determined from 


ae ae 
a= 7 0X2 1,750 
Ox or 
00 
6(0, t) = 0, — =0,1>0 
Ox x=1 
00 
O(x, 0) = x, — =0, 0<x< 1. 
ot t=0 


See FIGURE 13.7.1. The boundary condition at x = | is called a free-end condition. Solve 
for A(x, f). 


SOLUTION Proceeding as in Section 13.4 with 0(x, t) = X(x)T(d and using —A once again 
as the separation constant, the separated equations and boundary conditions are 


X" + AX =0 (9) 
T” + aaT = 0. (10) 
X(0) =0 and X'(1) =0. (11) 


Equation (9) together with the homogeneous boundary conditions in (11), 
X" + AX =0, X(0) = 0, X'(1) = 0, (12) 


is aregular Sturm—Liouville problem. You are encouraged to verify that for A = 0 and for 
A = —a’,a > 0, the only solution of (12) is X = 0. For A = a’ > 0, a > 0, the boundary 
conditions X(0) = 0 and X'(1) = 0 applied to the general solution X(x) = c, cos ax + c sin ax 
give, in turn, c; = O and c, cos a = 0. Since cos a is zero only when a is an odd integer multiple 
of 7/2 we write a, = (2n — 1)77/2. The eigenvalues of (12) are A, = a? = (2n — 1)°777/4, and 


2n — 1 
the corresponding eigenfunctions are X(x) = cy) sin a,x = C) sin( e 5 ax, n=1,2,3,.... 


Since the rod is released from rest, the initial condition 0,(x, 0) = O translates into 
X(x)T'(0) = 0 or T'(0) = 0. When applied to the general solution T(t) = c3 cos aa,t + 
c4 sin aa,t of the second-order DE (10), T’(0) = O implies c, = 0 leaving T(f) = c3 cos aa,,t = 


2n — 
C3COS a 


2n— 1 _f2n-1 
6, = X(x)T() = A,, cos a( 5 a sn( 5 x 


1 
a Therefore, 
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In order to satisfy the remaining initial condition we form the superposition of the 6, 


ee 2n — 1 2n — 1 
A(x, t) = SA, cos o =F ) at sn( =n ) mx (13) 
n=1 
When t = 0, we must have, forO <x < 1, 
oo an = 1 
6(x, 0) = x = YA, sn( 5 ) ax (14) 
n=1 


2n— 1 


As in Example 1, the set of eigenfunctions { sn( ) xh ,n=1,2,3,...,is orthogonal 


with respect to the weight function p(x) = 1 on the interval [0, 1]. Even though the trigono- 
metric series in (14) looks more like a Fourier series than (6), it is not a Fourier sine series 
because the argument of the sine function is not an integer multiple of 7rx/L (here L = 1). The 
series is again an orthogonal series expansion or generalized Fourier series. Hence from (8) 
of Section 12.1 the coefficients A,,in (14) are given by 


I 
_f2n-1 
x sin Wx dx 
lo 2 
n 1 * 
_,f2n—1 
sin Wx dx 
0 2 


Carrying out the two integrations, we arrive at 
:. 8(— 1)’ +1 
"Qn — 1)? 


The twist angle is then 


8 2 (-1)"*! 2n — 1 2n - 1 
A(x, t) = bS : ) 1 cos o( = ) at sin( - ) a 
‘aoe Ty 


2 
Ti 


| 13.7 | Exercises Answers to selected odd-numbered problems begin on page ANS-33. 


1. 


In Example | find the temperature u(x, f) when the left end of 
the rod is insulated. 


. Solve the boundary-value problem 


ru Ou 
oF as O0<x<1,t>0 
Ox ot 
Ou 
u(0, t) = 0, = = —h(u(1,t) — uw), h > 0, t>0 
Xly=] 


u(x, 0) =f), O<x <1. 


. Find the steady-state temperature for a rectangular plate for 


which the boundary conditions are 


ou 
u(0, y) = 0, 


= —hu(a,y), h>0,0<y<b, 
Ox 


w= a 


u(x,0) =0, u(x, b) =f(x), O<x<a. 


. Solve the boundary-value problem 


vu au 
=o t po = 0,x>0,0<y<l 
Ox oy 


u(0, y) = Uo, lim u(x, y) = 0, 0 < y < 1 


ou 
dy 


Ou 
= 0, 
y=0 dy 


= —hu(x, 1), h>0, x > 0. 


y= 


5. Find the temperature u(x, f) in a rod of length L if the initial 


temperature is f(x) throughout and if the end x = 0 is main- 
tained at temperature zero and the end x = L is insulated. 


. Solve the boundary-value problem 


2 2 
,0uU dU 


a 7 = Tp O<x<Lt>O0 
Ox~ ot 
ou 
u(0, t) = 0, E— = Fo, t>0 
ax x=L 
Ou 
u(x, 0) = 0, — = g(x), O< xX < L. 
ot t=0 


The solution u(x, f) represents the longitudinal displacement 
of a vibrating elastic bar that is anchored at its left end and is 
subjected to a constant force Fy at its right end. See Figure 13.4.7 
on page 723. E is called the modulus of elasticity. 


7. Solve the boundary-value problem 


au ou 
a t= 9, 0< x <1,0<y< 1 
Ox oy 
ou 
— = 0, ud,y) =u, 0<y<1 
Ox x=0 
ou 
u(x, 0) = 0, — =0,0<x< 1. 
OY |y=1 
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8. Solve the boundary-value problem au au 
{+ =0,0<x<1,t>0 


au Ou ax" ot” 
5a 7 u=—,0<x<1lr>d 
Ox ot ou 
u(0, t) a 0, — 0, t> 0 
Ou OX |x=0 
— = 0, ul,j =0, t>0 
OX |,=9 au Pu 
ao = 0, ag =0, t>0 
u(x,0)=1—-x7,0<x<1. a eat ¥ jxel 


9. The initial temperature in a rod of unit length is f(x) throughout. 
There is heat transfer from both ends, x = 0 and x = 1, into a sur- u(x, 0) = fd), at 
rounding medium kept at a constant temperature zero. Show that 


= g(x), O<x<l. 
1=0 


oo : This boundary-value problem could serve as a model for the 
u(x, ft) = SAne kant(q cosa,x + hsina,Xx), displacements of a vibrating airplane wing. 
a (a) Show that the eigenvalues of the problem are determined 
where from the equation cos a cosha = —1. 
1 (b) Use aCAS to find approximations to the first two positive 


A, 5 = | f(x)(a,,cosa,x + hsina,x) dx. eigenvalues of the problem. [Hint: See Problem 23 in 
(a, + 2h + h)Jo Exercises 13.4.] 


The eigenvalues are A,, = a?,n = 1,2,3,..., where the a, are 
the consecutive positive roots of tan a = 2ah/(a? — h’). 
10. Use the method discussed in Example 3 of Section 13.6 to 


solve the nonhomogeneous boundary-value problem 


ou ay Ou 
k—, + xe~ =—0<x<1,rt>0 
Ox ot 
Ou 
u(0, t) = 0, = —u(1,t), t>0 


Ox 


x=1 


FIGURE 13.7.2 Cantilever beam in Problem 11 
u(x,0) = 0, 0<x< 1. 


12. (a) Find an equation that defines the eigenvalues when the 


Computer Lab Assignments ends of the beam in Problem 11 are embedded at x = 0 


11. A vibrating cantilever beam is embedded at its left end (x = 0) and x = 1. 
and free at its right end (x = 1). See FIGURE 13.7.2. The trans- (b) Use a CAS to find approximations to the first two 
verse displacement u(x, tf) of the beam is determined from eigenvalues of the problem. 


: @¢) 13.8 Fourier Series in Two Variables 


INTRODUCTION In the preceding sections we solved one-dimensional forms of the heat 
x and wave equations. In this section we extend the method of separation of variables to certain 
é problems involving the two-dimensional heat and wave equations. 
a 
i [| Heat and Wave Equations in Two Dimensions Suppose the rectangular region 
in FIGURE 13.8.1(a) is a thin plate in which the temperature u is a function of time ¢ and position 
(x, y). Then, under suitable conditions, u(x, y, f) can be shown to satisfy the two-dimensional 
heat equation 


> 
5 


i 2 5 
ou Ou ou 
Ce kee ee (1) 
ax? ay” at 
b 2 : : 
me On the other hand, suppose Figure 13.8.1(b) represents a rectangular frame over which a thin 
FIGURE 13.8.1 (a) Rectangular plate flexible membrane has been stretched (a rectangular drum). If the membrane is set in motion, 
(b) Rectangular membrane then its displacement u, measured from the xy-plane (transverse vibrations), is also a function of 
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time ¢ and position (x, y). When the displacements are small, free, and undamped, u(x, y, f) satisfies 
the two-dimensional wave equation 


vu & on 
@ (24+ 24) 2) 
Ox” oy~ or” 
As the next example will show, solutions of boundary-value problems involving (1) and (2) 


lead to the concept of a Fourier series in two variables. Because the analysis of problems involv- 
ing (1) and (2) are quite similar, we illustrate a solution only of the heat equation (1). 


| EXAMPLE1 | Temperatures in a Plate 


Find the temperature u(x, y, ft) in the plate shown in Figure 13.8.1(a) if the initial temperature 
is f(x, y) throughout and if the boundaries are held at temperature zero for time t > 0. 


SOLUTION We must solve 


ou ou Ou 
k 5 ta) RE Ox <b, 0<y<c,t>0 
Ox oy ot 


subject to u(O, y, 1) = 0, u(b, y,t) =0, O<y<c, t>0 
u(x, O, f) = 0, u(x,c,t) =0, O<x<b, t>0 
u(x, y,0)=f@,y), O<x<b, 0<y<e. 

To separate variables for the PDE in three independent variables x, y, and t¢ we try to find a 

product solution u(x, y, t) = X(x)¥(y)T(2). Substituting, we get 

x" y’ Tt 

—=-~+—, 

x Y RF 


kK(X"YT + XY’T) = XYT’ or (3) 


Since the left side of the last equation in (3) depends only on x and the right side depends only 
on y and f, we must have both sides equal to a constant — A: 


x" y’ T 


=-—+4+—=-) 
xX Y kT 
and so xX" + AX =0 (4) 
y’” T’ 
Bee Fk 5 
Y kT (5) 


By the same reasoning, if we introduce another separation constant —y in (5), then 


ye ep - 
Y"+y¥=0 and TM +kA+pT=0. (6) 


Now the homogeneous boundary conditions 


uO, y,t) =0, ub,y, 0) = ‘t ae =0, X(b)=0 
imply 
u(x,0,f) = 0, u(x, c, t) = 0 Y(0O) = 0, Y(c) = 0. 


Thus we have two Sturm—Liouville problems, one in the variable x, 

X" + AX =0, X(0) = 0, X(b) = 0 (7) 
and the other in the variable y, 

Y" +uY=0, YO) =0, Yc) = 0. (8) 


The usual consideration of cases (A = 0, A = —a? <0,A =a’ >0,u=0,A = —B’ <0, 
and so on) leads to two independent sets of eigenvalues defined by sin Ab = O and 
sin pc = 0. 
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These equations in turn imply 


He nie 
m b ? and Ky Cc (9) 
The corresponding eigenfunctions are 
_ NT . 
X(x) = cy sin ; x,m=1,2,3,... and Y(y) = cysin—y, n = 1,2,3,.... (10) 
c 


After substituting the values in (9) into the first-order DE in (6), its general solution is 
T(t) = cselor7/"* m/e" A product solution of the two-dimensional heat equation that 
satisfies the four homogeneous boundary conditions is then 


= 2 2 MT nT 
Urnn(X, ys t) = Ann e Rigren/ by hpi At sin oo xX sin — y; 


where A,,,, is an arbitrary constant. Because we have two sets of eigenvalues, we are prompted 
to try the superposition principle in the form of a double sum 


u(x, y, t) = b Fas e “Rl omer] bY + oe fey"t sin 7 x sin oi y. (1 1 ) 
m=1n=1 
At t = 0 we want the temperature f(x, y) to be represented by 
nt 
u(x, y, 0) = f(x, y) = s S Ann Sit mt xsin — (12) 


m=l1n=1 


Finding the coefficients A,,,,, in (12) really does not pose a problem; we simply multiply the 
double sum (12) by the product sin (m7rx/b) sin (nzry/c) and integrate over the rectangle defined 
by0<x=b,0=<y<c. It follows that 


arr _ mr. nw 
Aga — ee f, y)sin xSm-——_y dx dy. (13) 
be Jo Jo b C 


Thus, the solution of the boundary-value problem consists of (11) with the A,,,, defined 
by (13). = 


The series (11) with coefficients (13) is called a sine series in two variables, or a double sine 
series. The cosine series in two variables of a function f(x, y) is a little more complicated. 
If the function fis defined over a rectangular region defined by 0 = x = b,0 = y Sc, then the 
double cosine series is given by 


FS, y) = Aoo + S Ano eee b ae + Ao cos" y 


m=1 


+ > Ann CO mt x cos er 
m=l1n=1 
1 
where Ago = + hone y) dx dy 

2 

Ano = mal [ir y) cos 7 xde dy 
2 

Aon = mal [ir y) cos “™ ydxdy 


A 4 [ [ ro mir ni dea 
= — x, y) cos —— x cos — ydxdy. 
mn bc lo 0 y b Cc iy “y 


See Problem 2 in Exercises 13.8 for a boundary-value problem leading to a double cosine series. 
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In Problems | and 2, solve the heat equation (1) subject to the 
given conditions. 
1. u(0, y,) = 0, u(z, y, 1) = 0 
u(x, 0, tf) = 0, u(x, 7, ft) = 0 


u(x, y, 0) = uo 
ou ) 
2. =i. Uu = 
ox x=0 ox x=1 
ou Ou 
=0: =(0 
dY |y=0 OY |y=1 
u(x, y, O) = xy 


In Problems 3 and 4, solve the wave equation (2) subject to the 
given conditions. 


3. u(0, y, 1) = 0, u(z, y, 1) = 0 
u(x, 0, t) = 0, u(x, 7, ft) = 0 
u(x, y, 0) = xy(x — 7)(y — 77) 
Ou 


ot 


1=0 
4. u(0, y, t) = 0, u(b, y,t) = 0 
u(x, 0, t) = 0, u(x, c, ) = 0 
u(x, y, 0) = f(x, y) 
Ou 
at 


= g(x, y) 
t=0 


In Problems 1 and 2, use separation of variables to find product 
solutions u = X(x)Y(y) of the given partial differential equation. 
au au ou au a 
if =u aoe 5 + 2 +2—=0 
oxdy Ox 0 Ox oy 
3. Finda steady-state solution ¢(x) of the boundary-value problem 


Chapter in Review 


u 


ou ou 
—.=—,0<s<97, ¢>0 
Ox ot 
Ou 
u(0, t) = uo, =u(7,t) — uy, t>0 
OX |y=n 


u(x,0)=0, O<x<7. 

4. Give a physical interpretation for the boundary conditions in 
Problem 3. 

5. Att = 0a string of unit length is stretched on the positive 
x-axis. The ends of the string x = 0 and x = 1 are secured on 
the x-axis for t > 0. Find the displacement u(x, #) if the initial 
velocity g(x) is as given in FIGURE 13.R.1. 


8(x) 


FIGURE 13.R.1 Initial velocity 
in Problem 5 


Answers to selected odd-numbered problems begin on page ANS-33. 


In Problems 5—7, solve Laplace’s equation 


au au au 
Ox” ay’ az’ 


=0 (14) 


for the steady-state temperature u(x, y, z) in the rectangular 
parallelepiped shown in FIGURE 13.8.2. 


Zz 


x 


FIGURE 13.8.2 Rectangular parallelepiped in Problems 5-7 


5. The top (z = c) of the parallelepiped is kept at temperature 
J (x, y) and the remaining sides are kept at temperature zero. 

6. The bottom (z = 0) of the parallelepiped is kept at temperature 
J (x, y) and the remaining sides are kept at temperature zero. 

7. The parallelepiped is a unit cube (a = b = c = 1) with the top 
(z = 1) and bottom (z = 0) kept at constant temperatures 
Uy and —up, respectively, and the remaining sides kept at 
temperature zero. 


Answers to selected odd-numbered problems begin on page ANS-33. 


6. The partial differential equation 


ax? at’ 


is a form of the wave equation when an external vertical force 
proportional to the square of the horizontal distance from the 
left end is applied to the string. The string is secured at x = 0 
one unit above the x-axis and on the x-axis atx = | fort > 0. 
Find the displacement u(x, f) if the string starts from rest from 
the initial displacement f(x). 


7. Find the steady-state temperature u(x, y) in the square plate 
shown in FIGURE 13.R.2. 


FIGURE 13.R.2 Square plate in Problem 7 
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10. 


11. 


12. 


13. 


Find the steady-state temperature u(x, y) in the semi-infinite 
plate shown in FIGURE 13.R.3. 


insulated 


Us 


insulated 
FIGURE 13.R.3 Semi-infinite plate in Problem 8 
Solve Problem 8 if the boundaries y = 0 and y = 7 are held 


at temperature zero for all time. 


Find the temperature u(x, 7) in the infinite plate of width 2L 
shown in FIGURE 13.R.4 if the initial temperature is ug through- 
out. [Hint: u(x, 0) = up, —L <x < Lis an even function of x. ] 


y 


u=0\,| yu =0 


-L L 


FIGURE 13.R.4 Infinite plate in Problem 10 


(a) Solve the boundary-value problem 


au ou 
— =— 0<z<9,t>0 
Ox ot 
u(0, t) = 0, u(z,t)=0, t>0 


u(x, 0) = sinx, O<x<7q. 


(b) What is the solution of the BVP in part (a) if the initial 
temperature is 
u(x, 0) = 100 sin 3x — 30 sin 5x? 
Solve the boundary-value problem 


a 


: ou 
ge O<x<a7,t>0 
u(0, t) = 400, u(r, t) = 200, t>0 


u(x, 0) = 400 + sinx, O<x<7. 


Find a series solution of the problem 


ru Ou au Ou 
a = ete +udo<x<a7,t>0 
Ox Ox ot ot 
u(0,t) =0, u(z7,t)=0, t>0 
ou 
— =0,0<x<7 
dt |i=0 


Do not attempt to evaluate the coefficients in the series. 


14. 


15. 


16. 


17. 


18. 


20. 


The concentration c(x, t) of a substance that both diffuses in 
a medium and is convected by the currents in the medium 
satisfies the partial differential equation 


pee gee O0<x<1,t>0, 
x ot 

where k and /: are constants. Solve the PDE subject to 
c(0,t)=0, cU,j=0, t>0 
c(x, 0) = coy, O< x <1, 

where Cy is a constant. 

Solve the boundary-value problem 

au ou 


en gp ea LE 
IX 0 


Ou 
u(O, t) = Up, = 
0. x=1 


u(x, 0) = uy, O<x <1, 


where uy and uw, are constants. 


ui,t) + um, t>0 


Solve Laplace’s equation for a rectangular plate subject to the 
boundary-value conditions 

uO, y) = 0, u(7,y) =0,0<y<a7 

u(x, 0) = x? — ax, 
Use the substitution u(x, y) = v(x, y) + w(x) and the result 
of Problem 16 to solve the boundary-value problem 


u(x, 7) = x? — 7x, O<x< 7. 


au ou 
a ta = 2, O<x<7,0<y<T7 
Ox oy” 
u(0,y) = 0, u7,y)=0, O<y<a7 
u(x,0) = 0, ua,a7) =0, O<x<7T. 
Solve the boundary-value problem 

au , OU 

=o te =e s O0<x<a7,t>0 

Ox ot 

ou 
u(0, t) = 0, a =0,r>0 


u(x, 0) = fo), O<x <7. 
A rectangular plate is described by the region in the xy-plane 
defined by0 = x = a,0 = y S b. Inthe analysis of the deflec- 
tion w(x, y) of the plate under a sinusoidal load, the following 
linear fourth-order partial differential equation is encountered: 


a*w aw a*w do . 7X , WY 
4 a Dey) a 4 ? 
Ox Ox"dy dy D a b 


where qy and D are constants. Find a constant C so that the product 


_ WX , TY, : i 
w(x, y) = C sin nd is a particular solution of the PDE. 


If the four edges of the rectangular plate in Problem 19 are 
simply supported, then show that the particular solution satis- 
fies the boundary conditions 


w(0, y) = 0, wla,y)=0, O<y<b 


w(x,0) = 0, wa,b)=0, 0O<x<a 
aw ow 
5 = 0, 5 =0, 0<y<b 
Ox x=0 Ox x=a 
aw aw 
= 0, 7 =0, 0<x<a 
dy" ly=0 OY" ly=5 
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CHAPTER 


In the previous chapter we 
utilized Fourier series to solve 
boundary-value problems that 
were described in the Cartesian or 
rectangular coordinate system. In 
this chapter we will finally put to 
practical use the theory of 
Fourier—Bessel series (Section 
14.2) and Fourier-Legendre series 
(Section 14.3) in the solution of 
boundary-value problems 
described, respectively in 
cylindrical coordinates and in 
spherical coordinates. 


Boundary-Value 


Problems in Other 
Coordinate Systems 


CHAPTER CONTENTS 


14.1 Polar Coordinates 

14.2 Cylindrical Coordinates 

14.3 Spherical Coordinates 
Chapter 14 in Review 


FIGURE 14.1.1 Polar coordinates of a 
point (x, y) are (7, 0) 


FIGURE 14.1.2 Dirichlet problem for 


a circular plate 
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| Polar Coordinates 


INTRODUCTION All the boundary-value problems that have been considered so far have 
been expressed in terms of rectangular coordinates. If, however, we wish to find temperatures in 
a circular disk, a circular cylinder, or in a sphere, we would naturally try to describe the problems 
in polar coordinates, cylindrical coordinates, or spherical coordinates, respectively. 

Because we consider only steady-state temperature problems in polar coordinates in this sec- 
tion, the first thing that must be done is to convert the familiar Laplace’s equation in rectangular 
coordinates to polar coordinates. 


Hi Laplacian in Polar Coordinates The relationships between polar coordinates in the 
plane and rectangular coordinates are given by 


‘ x 
x=rcos6é, y=rsin0 and r=rty’, tan =~. 


See FIGURE 14.1.1. The first pair of equations transform polar coordinates (r, @) into rectangular 
coordinates (x, y); the second pair of equations enable us to transform rectangular coordinates 
into polar coordinates. These equations also make it possible to convert the two-dimensional 
Laplacian of the function u, V?u = d°u/dx* + d°u/dy", into polar coordinates. You are encour- 
aged to work through the details of the Chain Rule and show that 


Ou ou or du 00 ou sin @ du 
= = cos _ 
Ox or Ox 00 Ox or r 00 
Ou ou or ou 00 ; Ou cos @ du 
= = sin + 
dy odrdy 060 dy or r 00 
a2 2 . 2 29 a2 =) . 
u 7, 0U 2 sin@cos@ du sin-@ d-u sin’ 8 du 2 sin @ cos @ du 
= cos*d— > — oo a ; (1) 
ax? or r oro6é r- 00 ror r 00 
a2 2 . 2 2p 42 2 . 
u .9,0U 2sin@cos@ d-u cos*@ d-u cos’ 6 du 2 sin @ cos @ du 
5 = sin’a—, + 3 ; = ; . (2) 
dy or r ordé r- 060 ror re 00 


Adding (1) and (2) and simplifying yields the Laplacian of u in polar coordinates: 
au 1 ou 1 au 
+ 


ar> rar. or? a0” 


Vu = 


In this section we shall concentrate only on boundary-value problems involving Laplace’s 
equation in polar coordinates: 
au x 1 au 1 vu 
or” ror. =r? ah? 


(3) 


Our first example is the Dirichlet problem for a circular disk. We wish to solve Laplace’s 
equation (3) for the steady-state temperature u(r, @) in a circular disk or plate of radius c when 
the temperature of the circumference is u(c, 6) = f(@), 0 < @ < 277. See FIGURE 14.1.2. It is as- 
sumed that the two faces of the plate are insulated. This seemingly simple problem is unlike any 
we have encountered in the previous chapter. 


| EXAMPLE1 | Steady Temperatures in a Circular Plate 


Solve Laplace’s equation (3) subject to u(c, 0) = f(@), O<@< 27. 


SOLUTION Before attempting separation of variables we note that the single boundary con- 
dition is nonhomogeneous. In other words, there are no explicit conditions in the statement 
of the problem that enable us to determine either the coefficients in the solutions of the sepa- 
rated ODEs or the required eigenvalues. However, there are some implicit conditions. 

First, our physical intuition leads us to expect that the temperature u(r, 8) should be con- 
tinuous and therefore bounded inside the circle r = c. In addition, the temperature u(r, 0) 
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should be single-valued; this means that the value of u should be the same at a specified point 
in the plate regardless of the polar description of that point. Since (r, 8 + 277) is an equivalent 
description of the point (7, @), we must have u(r, 8) = u(r, 6 + 277). That is, u(r, 8) must be 
periodic in 6 with period 277. If we seek a product solution u = R(r)O(8), then @(6) needs to 
be 27-periodic. 

With all this in mind, we choose to write the separation constant in the separation of 
variables as A: 


PoR" 2 ee" QO" _ x 
R 0 
The separated equations are then 
r?R" + rR' — AR=0 (4) 
0” +A®=0 (5) 
We are seeking a solution of the problem 
0" +A0=0, OO) = O(6 + 27). (6) 


Although (6) is not a regular Sturm—Liouville problem, nonetheless the problem generates 
eigenvalues and eigenfunctions. The latter form an orthogonal set on the interval [0, 277]. 
Of the three possible general solutions of (5), 


@(6) = c, + 656, A=0 (7) 
@(0) = c, coshaé + cy sinh a6, A=-a <0 (8) 
@(0) = c, cosa + c) sin ad, A=a>0 (9) 


we can dismiss (8) as inherently non-periodic unless c; = c, = 0. Similarly, solution (7) is 
non-periodic unless we define c, = 0. The remaining constant solution @(6) = c,, c, # 0, can be 
assigned any period and so A = 0 is an eigenvalue. Finally, solution (9) will be 27r-periodic 
if we take a = n, where n = 1, 2, ....* The eigenvalues of (6) are then Ay = 0 and A, = n’, 
n= 1,2,.... If we correspond Ay = 0 with n = 0, the eigenfunctions of (6) are 


O(0) = c,, n = 0, and @(0) = c, cosné + cy sinné, n = 1,2,.... 
When A,, = n’,n=0, 1, 2, ... the solutions of the Cauchy—Euler DE (4) are 
R(r) = c3 + clnr, n = 0, (10) 
R(r) = cr" + cyr", n = 1,2,.... (11) 


n 


Now observe in (11) that r-" = 1/r”. In either of the solutions (10) or (11), we must define 
C4 = 0 in order to guarantee that the solution u is bounded at the center of the plate (which is 
r = 0). Thus product solutions u, = R(r)O(0) for Laplace’s equation in polar coordinates are 


Uy = Ap, n = O, and u, = r'(A, cosn@ + B,sinn@), n = 1,2,..., 
where we have replaced c3c, by Ay for n = 0 and by A,, forn = 1, 2, ...; the product c3c, has 


been replaced by B,,. The superposition principle then gives 


u(r, 0) = Ag + SrA, cosné + B, sinné). (12) 
n=1 
By applying the boundary condition at r = c to the result in (12) we recognize 


f(0) = Ay + Sic%(A, cos nO + B, sin né) 


n=1 


* For example, note that cos n(@ + 277) = cos(n@ + 2n7) = cos nd. 


14.1 Polar Coordinates | 749 


as an expansion of fin a full Fourier series. Consequently we can make the identifications 


Ag = 3° c"A, =a, and c"B, = b,. 
1 20 
That is, Ao = | f(0) do (13) 
Qa 0 
1 27 
A, == | f(0) cos n6 dé (14) 
CT Jo 
1 20 
5.25 | f(9) sin nO do. (15) 
C4: 0 


FIGURE 14.1.3 Semicircular plate in 
Example 2 


The solution of the problem consists of the series given in (12), where the coefficients Ag, A,,, 
and B,, are defined in (13), (14), and (15), respectively. = 


Observe in Example | that corresponding to each positive eigenvalue, A,, = n’,n = 1, 2, ..., 


there are two different eigenfunctions—namely, cos v6 and sin 6. In this situation the eigenvalues 


are sometimes called double eigenvalues. 


| EXAMPLE2 | Steady Temperatures in a Semicircular Plate 


Find the steady-state temperature u(r, 0) in the semicircular plate shown in FIGURE 14.1.3. 
SOLUTION The boundary-value problem is 
au 1 au 1 #u 


ar? ror) or? a 


=0, 0<@0<7, O0O<r<e 


u(c,0) =u, O<O0<7 
u(r,0)=0, u(r, 7) =0, O<r<e. 


Defining u = R(r)@(6) and separating variables gives 


r?R" + rR’ tet , 
R (2) 
and r?R" + rR' — AR=0 (16) 
6" + AO = 0. (17) 


The homogeneous conditions stipulated at the boundaries 6 = 0 and 0 = 7 translate into 
@(0) = 0 and @(7r) = 0. These conditions together with equation (17) constitute a regular 
Sturm-Liouville problem: 


0” +r’A0=0, O(0)=0, Oz) = 0. (18) 


This familiar problem* possesses eigenvalues A,, = n° and eigenfunctions @(@) = c, sinn6, 
n= 1,2, .... Also, by replacing A by n’ the solution of (16) is R(r) = c3r” + cyr". The rea- 
soning used in Example 1, namely, that we expect a solution u of the problem to be bounded 
at r = 0, prompts us to define c, = 0. Therefore u, = R(r)O(@) = A,r" sin n@ and 


u(r, 0) = SA r" sin no. 
n=1 


The remaining boundary condition at r = c gives the Fourier sine series 


co 
Uy = S Al sin n@. 


n=1 


2) 7 
Consequently A,c” = a | Uy sin nd dé, 
0 


*The problem in (18) is Example 2 of Section 3.9 with L = 7. 


750 |! CHAPTER 14 Boundary-Value Problems in Other Coordinate Systems 


and so 


2uy 1 — (—1)" 
A= = ae 


nh 
TC n n 


Hence the solution of the problem is given by 


In Problems 1-4, find the steady-state temperature u(r, 0) ina 
circular plate of radius 1 if the temperature on the circumference 
is as given. 


1. u(1, 6) = ee ee wis 
0, @w<d0<27 

, wi.o={° 0<0<7 
T-O WwW<0<27 


3. u(1,0)=270-0°, 0<0<27 
4. u1,0)=0, 0<@0<27 


5. If the boundaries 6 = 0 and 6 = aw of a semicircular plate of 
radius 2 are insulated, we then have 


Ou 
00 


Ou 
0, 
6=0 00 


=0, 0<r<2. 


6=7 


Find the steady-state temperature u(r, 0) if 


uw, O0<0<2/2 


Meee = . T/2<0< 7, 


where Up is a constant. 
6. Find the steady-state temperature u(r, 0) in a semicircular plate 
of radius 1 if the boundary-conditions are 


u1,@)=u, O<0<7 
“7, 0) = 0, ua) =m, O<r< 1, 
where Up is a constant. 


7. Find the steady-state temperature u(r, @) in the quarter-circular 
plate shown in FIGURE 14.1.4. 


y 


u=f(@) 


FIGURE 14.1.4 Quarter-circular plate in Problem 7 


8. Find the steady-state temperature u(r, @) in the quarter-circular 
plate shown in Figure 14.1.4 if the boundaries 0 = 0 and 
6 = 7/2 are insulated, and 


1s 0<0< 7/4 


Mee) “ ea ee 


2 co 1 — (—]y n 
u(r, 0) = = = (2) sin nd. 


n=1 a 


Answers to selected odd-numbered problems begin on page ANS-33. 


9. Find the steady-state temperature u(r, 0) in the portion of a 
circular plate shown in FIGURE 14.1.5. 


y 


u=0 
at 0=0 


FIGURE 14.1.5 Portion of a circular plate in Problem 9 
10. Find the steady-state temperature u(r, 0) in the infinite wedge- 


shaped plate shown in FIGURE 14.1.6. [Hint: Assume that the 
temperature is bounded as r > 0 and as r > 00. ] 


y 
y=x 


FIGURE 14.1.6 Wedge-shaped plate in Problem 10 


11. Find the steady-state temperature u(r, @) in the plate in the 
form of an annulus bounded between two concentric circles 
of radius a and b, a < b, shown in FIGURE 14.1.7. [Hint: Proceed 
as in Example 1.] 


FIGURE 14.1.7 Annular plate in Problem 11 


12. If the boundary-conditions for the annular plate in Figure 
14.1.7 are 


u(a, 0) = uy, u(b,d) =u, 0<0@< 27, 
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15. 


17. 


where uy and uv, are constants, show that the steady-state 
temperature is given by 


ug In(r/b) — u,In(r/a) 
In(a/b) 


u(r, 0) = 


(Hint: Try a solution of the form u(r, 0) = v(r, 8) + wW(r).] 


. Find the steady-state temperature u(r, @) in the annular plate 


shown in Figure 14.1.7 if the boundary conditions are 


acl = 0, u(b,0) =f), 0<6< 27. 


. Find the steady-state temperature u(r, @) in the annular plate 


shown in Figure 14.1.7 if a = 1, b = 2, and 


u(1,@) = 75sin@, u(2,0) = 60cos#, O< 60 < 27. 
Find the steady-state temperature u(r, #) in the semiannular 
plate shown in FIGURE 14.1.8 if the boundary conditions 
are 


u(a, 0) = O(7 — 8), 
u(r, 0) = 0, 


ub,0)=0, O<é0<7 


ur,7) =0, a<r<b. 


FIGURE 14.1.8 Semiannular plate in Problem 15 


. Find the steady-state temperature u(r, 0) in the semiannular 


plate shown in Figure 14.1.8 if a = 1, b = 2, and 


0<0<7 
l eps 2, 


u(1, 8) = 0, 
u(r, 0) = 0, 


u(2, 8) = uo, 


u(r, 7) = 0, 
where uy is a constant. 


Find the steady-state temperature u(r, #) in the quarter-annular 
plate shown in FIGURE 14.1.9. 


insulated 


Ve, 


insulated 


FIGURE 14.1.9 Quarter-annular plate in Problem 17 


. The plate in the first quadrant shown in FIGURE 14.1.10 is 


one-eighth of the annular plate in Figure 14.1.7. Find the 
steady-state temperature u(r, 0). 
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20. 


FIGURE 14.1.10 One-eighth annular plate in Problem 18 


. Solve the exterior Dirichlet problem for a circular disk of 


radius c shown in FIGURE 14.1.11. In other words, find the 
steady-state temperature u(r, 0) in an infinite plate that coin- 
cides with the entire xy-plane in which a circular hole of radius c 
has been cut out around the origin and the temperature on 
the circumference of the hole is f(@). [Hint: Assume that the 
temperature u is bounded as r > o0.] 


FIGURE 14.1.11 Infinite plate in Problem 19 


Consider the steady-state temperature u(r, 0) in the 
semiannular plate shown in Figure 14.1.8 witha = 1, b = 2, 
and boundary conditions 


u(1, @) = 0, 
u(r, 0) = 0, 


u(i2,0)=0, 0<0<7 


ur,7) =r, 1l<r<2. 


Show that in this case the choice of A = —a” in (4) and (5) 
leads to eigenvalues and eigenfunctions. Find the steady-state 
temperature u(r, 0). 


Computer Lab Assignments 


21. 


(a) Find the series solution for u(r, 8) in Example 1 when 


100, O<@<7 


ue) {a T<0< 27. 


See Problem 1. 

(b) UseaCAS ora graphing utility to plot the partial sum S;(7, 8) 
consisting of the first five nonzero terms of the solution in 
part (a) forr = 0.9,r = 0.7,r = 0.5,r = 0.3,r = 0.1. 
Superimpose the graphs on the same coordinate axes. 

(c) Approximate the temperatures u(0.9, 1.3), u(0.7, 2), 
u(0.5, 3.5), u(0.3, 4), u(0.1, 5.5). Then approximate 
u(0.9, 277 — 1.3), u(0.7, 27 — 2), u(0.5, 277 — 3.5), 
u(0.3, 27 — 4), u(0.1, 277 — 5.5). 

(d) What is the temperature at the center of the circular plate? 
Why is it appropriate to call this value the average 
temperature in the plate? [Hint: Look at the graphs in 
part (b) and look at the numbers in part (c).] 
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Discussion Problems 


23. Consider the annular plate shown in Figure 14.1.7. Discuss 


22. Solve the Neumann problem for a circular plate: 


ru nm 1 ou 1 07u 


ar? rar or’ ae? 


how the steady-state temperature u(r, 0) can be found when 
the boundary conditions are 


iy (202i. GSeec u(a, 0) = f@), u(b, 0) = g(@), 050 < 2m. 


24. Verify that u(r, 0) = jr sin@ — 4r°sin3¢ is a solution of the 


ou =f), 0<0<2r. boundary-value problem 
OF |p=¢ 2 2 
ou lou 1 ou 
: cues as ; =0, 0<60<27, 0<r<l 
Give the compatibility condition. [Hint: See Problem 21 of are ror? 00" 


Exercises 13.5] 


u=f(r) att=0 


x 


FIGURE 14.2.1 Initial displacement of 
circular membrane in Example 1 


u(1, 0) = sin?@, 0 <6 < 2m. 


142! Cylindrical Coordinates 


INTRODUCTION _ In this section we are going to consider boundary-value problems involv- 
ing forms of the heat and wave equation in polar coordinates and a form of Laplace’s equation 
in cylindrical coordinates. There is a commonality throughout the examples and most of the 
exercises—the boundary-value problem possesses radial symmetry. 


Hi Radial Sym metry The two-dimensional heat and wave equations 
ou au Ou ou au au 

u( as *) 7 and a( ard Gea 

Ox oy ot Ox oy ot 


expressed in polar coordinates are, in turn, 


au lou 1 aru ou ,(au 1 oau 1 au a°u 
kl — + Pe and .@|\—_ + fe |) Se, (1) 
or ror rr 00 ot or ror 4 00 ot 


where u = u(r, 0, t). To solve a boundary-value problem involving either of these equations by 
separation of variables we must define vu = R(r)@(@)7(t). As in Section 13.8, this assumption 
leads to multiple infinite series. See Problem 18 in Exercises 14.2. In the discussion that follows 
we shall consider the simpler, but still important, problems that possess radial symmetry—that 
is, problems in which the unknown function uv is independent of the angular coordinate 0. In this 
case the heat and wave equations in (1) take, in turn, the forms 


ou 1 ou ou 5 {au 1 ou ou 
k{ — + = and a?|—> + = 5 (2) 
or Fer ot or FOF ot 
where u = u(r, t). Vibrations described by the second equation in (2) are said to be radial vibrations. 
The first example deals with the free undamped radial vibrations of a thin circular membrane. 
We assume that the displacements are small and that the motion is such that each point on the 
membrane moves in a direction perpendicular to the xy-plane (transverse vibrations)—that is, 


the u-axis is perpendicular to the xy-plane. A physical model to keep in mind while studying this 
example is a vibrating drumhead. 


| EXAMPLE1 | Radial Vibrations of a Circular Membrane 


Find the displacement u(r, ft) of a circular membrane of radius c clamped along its circumfer- 
ence if its initial displacement is f(r) and its initial velocity is g(r). See FIGURE 14.2.1. 


SOLUTION The boundary-value problem to be solved is 


5 au 1 ou ru 
a ane =—5, 0<r<ce,t>0 
or ror ot 


u(c,t)=0, t>0 


u(r, 0) = fr), = g(r), O<r<e. 


Uu 
ot t=0 
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Substituting wu = R(r)T(f) into the partial differential equation and separating variables gives 


1 
R" + —R' 
r 


= =-d. 3 
R aT @ 
Note in (3) we have returned to our usual separation constant — A. The two equations obtained 
from (3) are 


rR" + R' + ArR = 0 (4) 
and T’ + @aT = 0. (5) 


Because of the vibrational nature of the problem, equation (5) suggests that we use only 
\ = a’ > 0, a > 0. Now (4) is not a Cauchy—Euler equation but is the parametric Bessel 
differential equation of order v = 0; that is, rR’ + R’ + a’rR = 0. From (13) of Section 5.3 
the general solution of the last equation is 


R(r) = c,Jo(ar) + c2¥)(ar). (6) 
The general solution of the familiar equation (5) is 
T(t) = c3 cos aat + c,4 sin aat. 


Now recall, the Bessel function of the second kind of order zero has the property that 
Y)(ar) > —co as r—> 0°, and so the implicit assumption that the displacement u(r, f) should 
be bounded at r = 0 forces us to define c, = 0 in (6). Thus R(r) = c,Jo(ar). 

Since the boundary condition u(c, t) = 0 is equivalent to R(c) = 0, we must have c,Jo(ac) = 0. 
We rule out c, = 0 (this would lead to a trivial solution of the PDE), so consequently 


Jo(ac) = 0. (7) 


If x, = a,c are the positive roots of (7), then a,, = x,,/c and so the eigenvalues of the problem 
are A, = a = x°/c and the eigenfunctions are c,Jo(a,r). Product solutions that satisfy the 


partial differential equation and the boundary condition are 
Uy = ROTO — (A, cos aa, t + B, sin aa, t)Jo(anr), (8) 


where we have done the usual relabeling of the constants. The superposition principle then gives 


u(r, t) = S\(A, cos aa,t + B, sin aa,t)Jo(a,r). (9) 
n=1 
The given initial conditions determine the coefficients A, and B,,. 
Setting t = 0 in (9) and using u(r, 0) = f(r) gives 


oo 


SM” = A, Jo(Qnr). (10) 
n=1 
This last result is recognized as the Fourier—Bessel expansion of the function fon the interval 
(0, c). Hence by a direct comparison of (7) and (10) with (8) and (15) of Section 12.6 we can 
identify the coefficients A,, with those given in (16) of Section 12.6: 


c 


A, = Teal rJo(a,r f(r) dr. (11) 
Next, we differentiate (9) with respect to f, set t = 0, and use u,(r, 0) = g(7): 
g(r) = S aa, B, Jy(a,r). 
n=1 
This is now a Fourier—Bessel expansion of the function g. By identifying the total coefficient 
aa,B,, with (16) of Section 12.6 we can write 


B, = rll rJo(a,r)g(r) dr. (12) 
0 


272 
aa,c Jj (a,c) 


Finally, the solution of the given boundary-value problem is the series (9) with coefficients 
A, and B,, defined in (11) and (12), respectively. = 
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(x, y, Z) or 


(7, 8, Zz) 


Ny 


FIGURE 14.2.4 Cylindrical coordinates 
of a point (x, y, z) are (r, 0, z) 


il Standing Waves Analogous to (11) of Section 13.4, the product solutions (8) are called 
standing waves. For n = 1, 2, 3, ..., the standing waves are basically the graph of Jo(q@,,r) with 
the time varying amplitude 


A,, cos aa,t + B, sin aa,t. 


The standing waves at different values of time are represented by the dashed graphs in FIGURE 14.2.2. 
The zeros of each standing wave in the interval (0, c) are the roots of Jo(@,) = 0 and correspond 
to the set of points on a standing wave where there is no motion. This set of points is called a nodal 
line. If (as in Example 1) the positive roots of Jo(@,,c) = 0 are denoted by x,,, then x,, = a,c implies 
a, = x,/c and consequently the zeros of the standing waves are determined from 


J(a,r) = Jo (= r) = 0. 


Now from Table 5.3.1, the first three positive zeros of Jp are (approximately) x, = 2.4, x. = 5.5, 
and x; = 8.7. Thus for n = 1, the first positive root of 


2.4 
n(%r) =0 is “r=24 o r=e. 
c Cc 


Since we are seeking zeros of the standing waves in the open interval (0, c), the last result means 
that the first standing wave has no nodal line. For n = 2, the first two positive roots of 
x2 


5.5 Dis) 
(2 r) = 0 are determined from oS r= 2.4 and = r=555. 


Thus the second standing wave has one nodal line defined by r = x;c/x, = 2.4c/5.5. Note that 
r ~ 0.44c < c. For n = 3, a similar analysis shows that there are two nodal lines defined by 
r = x,clx3 = 2.4c/8.7 and r = xyc/x3 = 5.5c/8.7. In general, the nth standing wave has n — | nodal 
lines r = x,c/X,, 1 = XyC/Xy, 2, 1 = X,—1C/x,. Since r = constant is an equation of a circle in polar 
coordinates, we see in Figure 14.2.2 that the nodal lines of a standing wave are concentric circles. 


il Use of Com puters It is possible to see the effect of a single drumbeat for the model 
solved in Example | by means of the animation capabilities of a computer algebra system. In 
Problem 20 in Exercises 14.2 you are asked to find the solution given in (9) when 


= = = —Vo> 0 a b 
c=1, fy=0, and grn= a ns 


Some frames of a “movie” of the vibrating drumhead are given in FIGURE 14.2.3. 


FIGURE 14.2.3 Frames of a CAS “movie” 


Hi Laplacian in Cylindrical Coordinates From FIGURE 14.2.4 we can see that the relation- 
ship between the cylindrical coordinates of a point in space and its rectangular coordinates is given by 


x=rcos#, y=rsin8@, ay 


It follows immediately from the derivation of the Laplacian in polar coordinates (see Section 14.1) 
that the Laplacian of a function u in cylindrical coordinates is 


v ou i 1 ou lau ou 
“u = ; 
aor> or ar or? 007_— Az? 
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x 


FIGURE 14.2.5 Finite cylinder in 


Example 2 
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u=Oatz= 


| EXAMPLE2 | Steady Temperatures in a Circular Cylinder 


Find the steady-state temperature in the circular cylinder shown in FIGURE 14.2.5. 


SOLUTION The boundary conditions suggest that the temperature u has radial symmetry. 
Accordingly, u(r, z) is determined from 
au 1 ou ou 
ar? or ar az? 


=0, 0<r<2, 0<z<4 


u(2,z)=0, 0<z<4 
u(r,0)=0, u(r,4)=u, O<r<2. 
Using u = R(r)Z(z) and separating variables gives 


1 


ae 
== S4) (13) 

R Z 
and rR" + R' + ArR=0 (14) 
Z" —AZ=0. (15) 


For the choice A = a? > 0, a > 0, the general solution of (14) is 
R(r) = ¢,J(ar) + CY¥o(ar), 


and since a solution of (15) is defined on the finite interval [0, 2], we write its general 
solution as 


Z(z) = c3 cosh az + cy sinh az. 


As in Example 1, the assumption that the temperature u is bounded at r = 0 demands that 
Cy = 0. The condition u(2, z) = 0 implies R(2) = 0. This equation, 
Jo(2a) = 0, (16) 


defines the positive eigenvalues A,, = a; of the problem. Last, Z(0) = 0 implies c; = 0. Hence 
we have R = c,J0(a@,r), Z = cy sinh a,z, 


u, = R(r)Z(z) = A, sinh @,,zJo(a@,,r) 


and u(r, Z) = >A, sinh a,zJo(a@,/). 
1 


a= 


The remaining boundary condition at z = 4 then yields the Fourier—Bessel series 


Uy = >A, sinh 4a,,Jo(a,r), 


n=1 


so that in view of (16) the coefficients are defined by (16) of Section 12.6, 


2 


A, sinh 4a, = rJ((a,r) dr. 


2uy | 
2° Ji(2a,) 0 


d 
To evaluate the last integral we first use the substitution t = a,r, followed by FF [0] = 
tJ)(t). From t 


Ug 
2a, J{(2a,) 


a, J\(2a,) : 


2a 
A,, sinh 4a, = [tJ,(0)] dt 
dt 


we obtain 
Ug 


A, : : 
a, sinh 4a,,J,(2a,,) 
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Review pages 282-283 
of Section 5.3. See also 
Figures 5.3.3 and 5.3.4. 


Finally, the temperature in the cylinder is 


sinh a@,,z 


7! 


Jo 
n=1 & sinh 4a, J\(2a,,) 


u(r, Z) = Up (qr). = 


Do not conclude from two examples that every boundary-value problem in cylindrical 
coordinates gives rise to a Fourier—Bessel series. 


| EXAMPLE3 | Steady Temperatures in a Circular Cylinder 


Find the steady-state temperatures u(r, z)inthecircularcylinderdefinedbyO =r=1,0=z=1 
if the boundary conditions are 


ui,zv=1—z O0<z<l 
u(r,0) = 0, u(r, 1) =0, O<r<l. 


SOLUTION Because of the nonhomogeneous condition specified at r = 1 we do not expect 
the eigenvalues of the problem to be defined in terms of zeros of a Bessel function of the first 
kind. As we did in Section 14.1 it is convenient in this problem to use A as the separation 
constant. Thus from (13) of Example 2 we see that separation of variables now gives the two 
ordinary differential equations 


rR" + R' — ArR=0 and Z"+ AZ = 0. 


You should verify that the two cases A = O and A = —a’ < O lead only to the trivial solution 
u = 0. Inthe case A = a* > 0 the DEs are 


rR'+R'-a@rR=0 and Z’+e°Z=0. 


The first equation is the parametric form of Bessel’s modified DE of order v = 0. The 
solution of this equation is R(r) = c,J)(ar) + c.Ko(ar). We immediately define c, = 0 
because the modified Bessel function of the second kind K,(ar) is unbounded at r = 0. 
Therefore, R(r) = cyl(ar). 

Now the eigenvalues and eigenfunctions of the Sturm—Liouville problem 


Z"+aZ=0, Z(0)=0, Z(1)=0 


are A, = no,n = 1,2,3,... and Z(z) = c3 sin naz. Thus product solutions that satisfy the 
PDE and the homogeneous boundary conditions are 


u, = RWZ(z) = A, I(n7r)sin naz. 


Next we form 


u(r, Z) = SA, I, (nar) sin naz. 
n=1 


The remaining condition at r = 1 yields the Fourier sine series 
u(l,z) = 1 — z= SYA, A(n7)sin n7vz. 
n=1 


From (5) of Section 12.3 we can write 
1 


2 

A, [(nm) = 2 | (1 — z)sinnawzdz = — —_<integration by parts 

0 nT 
2 

and A, = ———. 

nt1,(n7) 


The steady-state temperature is then 


22 i(arr) , 
u(r, Zz) = = sin n7z. 
T=) nlo(n7) 
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REMARKS 


Because Bessel functions appear so frequently in the solutions of boundary-value problems 
expressed in cylindrical coordinates, they are also referred to as cylinder functions. 


| 14.2 — Exercises Answers to selected odd-numbered problems begin on page ANS-34. 


1. 


Find the displacement u(r, ft) in Example | if f(r) = 0 and the 
circular membrane is given an initial unit velocity in the 
upward direction. 


. Acircular membrane of radius | is clamped along its circum- 


ference. Find the displacement u(r, t) if the membrane starts 
from rest from the initial displacement f(r) = 1 — r?,0<r<1. 
[Hint: See Problem 10 in Exercises 12.6.] 


. Find the steady-state temperature u(r, z) in the cylinder in 


Example 2 if the boundary conditions are u(2, z) = 0,0<z<4, 
u(r, 0) = up, u(r, 4) = 0,0<r <2. 


. If the lateral side of the cylinder in Example 2 is insulated, 


then 


Ou 
—< =0, 0<z<4. 
or r=2 

(a) Find the steady-state temperature u(r, z) when u(r, 4) = f(r), 
0<r<2. 

(b) Show that the steady-state temperature in part (a) reduces 
to u(r, Z) = uoz/4 when f(r) = up. [Hint: Use (12) of 
Section 12.6.] 


In Problems 5-8, find the steady-state temperature u(r, z) ina 
finite cylinder defined by 0 = r = 1,0 = z = 1 if the boundary 
conditions are as given. 


5B ul,zad=z O<z<l 6 ud,z=z O<z<l 


Ou Ou 

— =0, O0<r<l = =0, 0<r<l 
OZ 2=0 Oz z=0 

Ou 

ae =0, 0<r<l u,1)=0, O<r<l 
Z ke=1 


. ul,z) =u, O<z<l 8 ud,z)=0, O<z<1l 


(6) 
ur,0)=0, 0<r<l |. =0) O27 < 1 
Oz z=0 
ou 
s =0, 0<r<l u(r, 1) =u, O<r<l 
Z c= 


. The temperature in a circular plate of radius c is determined 


from the boundary-value problem 


au 1 ou ou 
k{ — + =—, 0<r<ct>0 
or r or ot 


u(c,t)=0, t>0 
ur, 0) =f), O<r<e. 


Solve for u(7, f). 


10. Solve Problem 9 if the edge r = c of the plate is insulated. 

11. When there is heat transfer from the lateral side of an infinite 
circular cylinder of radius | (see FIGURE 14.2.6) into a surround- 
ing medium at temperature zero, the temperature inside the 
cylinder is determined from 


au 1 ou ou 
i. + =— 0<r<tirt>0 
or r or ot 


= -hu(1,), h>0,t>0 


ur, 0)=f(r), O<r<l. 


Solve for u(7, f). 


FIGURE 14.2.6 Infinite cylinder in Problem 11 


12. Find the steady-state temperature u(r, z) in a semi-infinite 
cylinder of radius | (z = 0) if there is heat transfer from its 
lateral side into a surrounding medium at temperature zero 
and if the temperature of the base z = 0 is held at a constant 
temperature uy. 


In Problems 13 and 14, use the substitution u(r, ft) = v(r, f) + Wr) 
to solve the given boundary-value problem. [Hint: Review 
Section 13.6.] 

13. A circular plate is a composite of two different materials 
in the form of concentric circles. See FIGURE 14.2.7. The 
temperature u(r, t) in the plate is determined from the 
boundary-value problem 


ru 1 ou Ou 
5 + =—, 0<r<2,t>0 
or r or ot 
u(2,t)= 100, t>0 
200, O<r<l 
u(r, 0) = { ’ 
100, lL<r<2. 
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14. 


15. 


16. 


FIGURE 14.2.7 Circular plate in Problem 13 


vu lou ou 

5 +B=—, 0<r<1,t>0, Baconstant 
or ror ot 
uil,=0, t>0 


u(r,0)=0, O<r<l. 


The horizontal displacement u(x, t) of aheavy chain of length L 
oscillating in a vertical plane satisfies the partial differential 
equation 


a ( 9) _ au 
Bax \* ax at” 

See FIGURE 14.2.8. 

(a) Using —A asa separation constant, show that the ordinary 
differential equation in the spatial variable x is 
xX" + X' + AX = 0. Solve this equation by means of the 
substitution x = 77/4. 


(b) Use the result of part (a) to solve the given partial 
differential equation subject to 


O0<x<Lt>0. 


u(L, t)=0, t>0 
Ou 

u(x, 0) = f@), =0, 0<x<L. 
dt |i=0 


[Hint: Assume the oscillations at the free end x = 0 are 
finite. ] 


| 
| 


u 0 


FIGURE 14.2.8 Oscillating chain in Problem 15 


Consider the boundary-value problem 


ru 1 ou Ou 
ae ~ 0<r<1,t>0 
or r or ot 


Ou 
Or |= 


ur,0) =0, O<r<l. 


17. 


(a) Use the substitution u(r, ft) = v(r, ft) + Brin the preceding 
problem to show that v(7, f) satisfies 


ay 1 ov ov 
s+ =—+B, 0<r<tit>0 
or ror ot 


ov 
ar |p=1 


vr,0) =0, O<r<l. 


Here B is a constant to be determined. 

(b) Now use the substitution v(r, t) = w(7, ft) + Wr) to solve 
the boundary-value problem in part (a). [Hint: You may 
need to review Section 3.5.] 

(c) What is the solution u(r, f) of the first problem? 

Solve the boundary-value problem 

au 1 ou 1 au 
Bor — jut 7,=0, O<r<lO<z<1 
or r or 7 Oz 


u,z)=0,0<z<1l 


ur,0) =0,.ur,l)=r-rjo<r<l. 


[Hint: See equation (12) in Section 5.3.] 


. Inthis problem we consider the general case—that is, with 8 


dependence—of the vibrating circular membrane of 


radius c: 
a(= a 1 ~) 7 au 
ar? r? 00? at?’ 
u(c, 0,t) =0, 0<@0<27,t>0 
u(r, 8,0) = f(r, 8), 
ou 


or 


1 ou 
r or 


0<r<ct>0O 


O0<r<c,0<60<27 


= g(r,0), 0O<r<c,0<6< 2m. 


t=0 


(a) Assume that u = R(r)@(0)T(t) and the separation con- 
stants are —A and —v. Show that the separated differen- 
tial equations are 


T’+@aAT=0, ©”"+70=0 


r°R" + rR' + Ar? — v)R = 0. 


(b) Let A = a’ and v = B’ and solve the separated equations 
in part (a). 

(c) Determine the eigenvalues and eigenfunctions of the 
problem. 

(d) Use the superposition principle to determine a multiple 
series solution. Do not attempt to evaluate the 
coefficients. 


Computer Lab Assignments 
19. (a) Consider Example | with a = 1, c = 10, g(r) = 0, and 


f@ = 1-17r/10,0 <r< 10. Use a CAS as an aid in 
finding the numerical values of the first three eigenvalues 
Ay, A», Az of the boundary-value problem and the first 
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three coefficients A,, A, A3 of the solution u(r, f) given 
in (9). Write the third partial sum S3(7, t) of the series 
solution. 

(b) UseaCAS to plot the graph of $;(7, 4) for t = 0,4, 10, 12, 20. 


vy, Osr<b 


n= {5 b<r<l. 


(b) Show that the frequency of the standing wave u,,(r, f) is 


20. Solve Problem 9 with boundary conditions u(c, t) = 200, f, = aA,/27, where A, is the nth positive zero of Jy(x). 
u(r, 0) = 0. With these imposed conditions, one would expect Unlike the solution of the one-dimensional wave equation 
intuitively that at any interior point of the plate, u(r, tf) > 200 in Section 13.4, the frequencies are not integer multiples 
as t > oo. Assume that c = 10 and that the plate is cast iron of the fundamental frequency f,. Show that f, ~ 2.295f, 
so that k = 0.1 (approximately). Use a CAS as an aid in find- and f; ~ 3.598f,. We say that the drumbeat produces 
ing the numerical values of the first five eigenvalues anharmonic overtones. As a result the displacement 
Aj, Ax, A3, Ag, As Of the boundary-value problem and the five function u(r, t) is not periodic, and so our ideal drum 
coefficients A;, A>, A3, Ay, As in the solution u(r, f). Let the cannot produce a sustained tone. 
corresponding approximate solution be denoted by S;(7, f). (c) Leta=1,b= i and vy = | in your solution in part (a). 
Plot $;(5, f) and S;(0, f) on a sufficiently large time interval Use a CAS to graph the fifth partial sum S;(r, f) at the 
[0, 7]. Use the plots of S;(5, f) and S;(0, £) to estimate the times times ¢ = 0, 0.1, 0.2, 0.3, ..., 5.9, 6.0 on the interval 
(in seconds) for which u(5, ft) ~ 100 and u(0, t) ~ 100. Repeat [—1, 1]. Use the animation capabilities of your CAS to 
for u(5, t) ~ 200 and u(0, t) ~ 200. produce a movie of these vibrations. 

21. Consider an idealized drum consisting of a thin membrane (d) Fora greater challenge, use the 3D plotting capabilities 


stretched over a circular frame of radius 1. When such a drum 

is struck at its center, one hears a sound that is frequently 

described as a dull thud rather than a melodic tone. We can 

model a single drumbeat using the boundary-value problem 

solved in Example 1. 

(a) Find the solution u(r, f) given in (9) when c = 1, f(r) = 0, 
and 


of your CAS to make a movie of the motion of the circu- 
lar drumhead that is shown in cross section in part (c). 
[Hint: There are several ways of proceeding. For a fixed 
time, either graph uw as a function of x and y using 


r= Vx? + y* or use the equivalent of Mathematica’ s 
RevolutionPlot3D. | 
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INTRODUCTION 


In this section we continue our examination of boundary-value problems 


in different coordinate systems. This time we are going to consider problems involving the heat, 
wave, and Laplace’s equation in spherical coordinates. 


[| Laplacian in Spherical Coordinates As shown in FIGURE 14.3.1, a point in 3-space 
is described in terms of rectangular coordinates and in spherical coordinates. The rectangular 
coordinates x, y, and z of the point are related to its spherical coordinates r, 6, and ¢ through the 
equations 


x=rsin@cos¢d, y=rsin@sind, z=rcosé. (1) 
FIGURE 14.3.1 Spherical coordinates of a 


. . . . . 2 . . . 
cn ae eee a By using the equations in (1) it can be shown that the Laplacian V~u in the spherical coordinate 


system is 
1 au A cot 6 du 
r? a? r> 00 


au  20u 1 au 
ar? rar r*sin’@ ad” 
As you might imagine, problems involving (1) can be quite formidable. Consequently we shall 


consider only a few of the simpler problems that are independent of the azimuthal angle ¢. 
Our first example is the Dirichlet problem for a sphere. 


Vu = (2) 


| EXAMPLE1 | Steady Temperatures in a Sphere 


Find the steady-state temperature u(r, @) in the sphere shown in FIGURE 14.3.2. 


SOLUTION The temperature is determined from 


ou 2 ou 1 07u cot 0 du 
ar? ror. Pr a0" r? 00 


=0,0<r<c,0<0<7 


atr=c 


FIGURE 14.3.2 Dirichlet problem for a 
sphere in Example 1 


u(c, 0) = f(0), O<O0<7. 
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If u = R(r)@(6), the partial differential equation separates as 


r?R" + 2rR' ©” + cot d@’ rn 
R , 
and so rR" + 2rR' — AR=0 (3) 
sin@ 0” + cos? 0’ + AsindO =0. (4) 
After we substitute x = cos 0, 0 = 0 S 7, (4) becomes 
d’O dO 
(1 — x?) 5 2x +AQO=0, -IlSx=l. (5) 
dx dx 


The latter equation is a form of Legendre’s equation (see Problems 52 and 53 in Exercises 5.3). 
Now the only solutions of (5) that are continuous and have continuous derivatives on the 
closed interval [—1, 1] are the Legendre polynomials P,,(x) corresponding to A = n(n + 1), 
n= 0, 1,2, .... Thus we take the solutions of (4) to be 

@(0) = P,(cos 0). 
Furthermore, when A = n(n + 1), the general solution of the Cauchy—Euler equation (3) is 


Rr) = cr" + cor TD, 


Since we again expect u(r, 6) to be bounded at r = 0, we define c, = 0. Hence u,, = A,r”P,,(cos 6), 
and 


u(r, 0) = SA, r"P, (cos 0). 
n=0 


Atr=c, f(0) = SA,c"P,(cos 6). 
n=0 


Therefore A,,c” are the coefficients of the Fourier—Legendre series (23) of Section 12.6: 


nt+1{" . 
A, = | F(@)P,(cos 6) sin 6 dé. 
0 


n Ac” 


It follows that the solution is 


2 /In +1" ' re 
u(r, 0) = + (24 | f(0)P,(cos 0) sin 40) (=) P.(cos 6). 
0 


n=0 


| 14.3 — Exercises Answers to selected odd-numbered problems begin on page ANS-34. 


1. Solve the problem in Example | if 


2. The solution u(r, 0) in Example | could also be interpreted as 
the potential inside the sphere due to a charge distribution f(@) 


f(0) = i 0<6<a/2 on its surface. Find the potential outside the sphere. 
0, r/2<O0<7. 3. Find the solution of the problem in Example | if f(@) = cos 6, 
0<6< 7. [Hint: P,(cos 0) = cos 0. Use orthogonality. ] 
Write out the first four nonzero terms of the series solution. 4. Find the solution of the problem in Example | if f(0@) = 


[Hint: See Example 3, Section 12.6.] 


1 — cos 20,0 < @ < 77. [Hint: See Problem 18, Exercises 12.6.] 
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5. 


Find the steady-state temperature u(r, 0) within a hollow 
sphere a < r < b if its inner surface r = a is kept at 
temperature f(6) and its outer surface r = b is kept at tem- 
perature zero. The sphere in the first octant is shown in 
FIGURE 14.3.3. 


atr=b 


x 


FIGURE 14.3.3 Hollow sphere in Problem 5 


. The steady-state temperature in a hemisphere of radius c is 


determined from 


2 ou 1 au cot 8 du 


=0,0<r<c,0<0<7/2 
r or r? 00" r> 06 fe i, 
u(r, 7/2) =0, O<r<c 


u(c, 0) = f(0), 0<6< 7/2. 


Solve for u(r, 6). [Hint: P,(0) = 0 only if n is odd. Also see 
Problem 20, Exercises 12.6.] 


. Solve Problem 6 when the base of the hemisphere is insulated; 


that is, 


Ou 


—— = 0, 
Td) 0=7/2 


. Solve Problem 6 for r > c. 
. The time-dependent temperature within a sphere of radius 1 


is determined from 
au 
ar’ 
u(1, t) = 100, 
u(r,0)=0, O<r<l. 


2 ou ou 
= s 10 << r= Lt SO 
r or Ot 


t>0 


Solve for u(r, ft). [Hint: Verify that the left side of the partial 
differential equation can be written as Fi a Let 
Tr 


ru(r, t) = v(r, t) + wr). Use only functions that are 
bounded as r—> 0.] 


. A uniform solid sphere of radius | at an initial constant tem- 


perature wu, throughout is dropped into a large container of 
fluid that is kept at a constant temperature u, (u; > up) for all 
time. See FIGURE 14.3.4. Since there is heat transfer across the 
boundary r = 1, the temperature u(r, f) in the sphere is deter- 
mined from the boundary-value problem 


762 | 


ou 2 ou ou 
=—, 0<r<1t>0 
or r or ot 
Ou 
- = —-htu(l,t) —u,), O<h<l 
r=1 
u(r,0) =u, O<r<l. 


Solve for u(r, t). [Hint: Proceed as in Problem 9.] 


FIGURE 14.3.4 Container in Problem 10 


. Solve the boundary-value problem involving spherical 


vibrations: 
5 ou 2 du au 
a ot =—, O<r<ct>0 
or ror ot 
u(c,t)h=0, t>0 
ou 
ot t=0 


[Hint: Write the left side of the partial differential equation as 


Le 
a —; (ru). Let v(r, 1) = ru(y, 1).] 
ror 


. A conducting sphere of radius c is grounded and placed in a 


uniform electric field that has intensity E in the z-direction. 
The potential u(r, @) outside the sphere is determined from 
the boundary-value problem 


1 0°u ~=©cot@ au 
r? 00? r? 00 


2 du 


r or 


ru 


ar’ 


=0, r>c,0<0<7 


u(c,0)=0, O0O<O0<7 
liimu(r, 0) = —Ez = —Ercos @. 
Show that 
u(r, 0) = —Ercos@ + Ecos @. 


3 
Cc 

2 
r 


[Hint: Explain why {J cos 6 P,(cos 0) sin 6 d@ = 0 for all 
nonnegative integers except n = 1. See (24) of Section 12.6.] 
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In Problems 13 and 14, you are asked to find a product solu- 
tion u(r, 0, 6) = R(r)O(6)@(¢) of Helmholtz’s partial differ- 
ential equation V’u + k*u = 0 where the Laplacian V7u is 
defined in (2). 

13. (a) Proceed as in Example | but using u(r, 0, ¢) = 
R(r)©(0)®@(¢) and the separation constant n(n + 1) to 
show that the radial dependence of the solution uw is de- 
fined by the equation 

2 
PS + ar + [k?r? — n(n + 1]R = 0. 
(b) Now use the second separation constant m’ to show that 
the remaining separated equations are 


a’® 


de + nr® = 0 

dO  cosd dO m | 

a di +1)- @ =0 
de sind do nn Lae 
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In Problems | and 2, find the steady-state temperature u(r, 0) in 
a circular plate of radius c if the temperature on the circumfer- 
ence is as given. 


; 0<é0< 
1. u(c, 0) = . 
-—u, WHO<27 
il 0<60<7/2 
2. u(c, 0) = 4 0, 7/2< 0 < 32/2 


1, 37/2<0<27 
In Problems 3 and 4, find the steady-state temperature u(r, 0) ina 
semicircular plate of radius | if boundary conditions are as given. 


3. u(1,0) = u(70 — 0°), O<O0<a 
u(r,0) =0, uiraw)=0, O<r<l 
4. ui,0) =sind, 0O<0<7 
u(r,0) =0, uir,aw)=0, O<r<l 
5. Find the steady-state temperature u(r, 6) in a semicircular 
plate of radius c if the boundaries 0 = 0 and @ = 7 are insulated 
and u(c,0) =f(0), O<@0<7. 
6. Find the steady-state temperature u(r, 0) in a semicircular plate 
of radius c if the boundary @ = 0 is held at temperature zero, 
the boundary 6 = 7 is insulated, and u(c, 0) = f(0),0<0< 77. 
In Problems 7 and 8, find the steady-state temperature u(r, 0) in 
the plate shown in the figure. 


7. =x 


insulated 


FIGURE 14.R.1 Plate in Problem 7 


(c) Use the substitution x = cos @ to show that the second 
differential equation in part (b) becomes 


a) dO nr 
dd — x) — e+ n(n + 1) — oe 


;|0 = 0. 


14. (a) Assume that m and n are nonnegative integers. Then find 
a product solution u(r, 0, ¢) = R(r)O(O)O(d) of 
Helmholtz’s PDE using the general solution of the ODE 
in part (a), the general solution of the first ODE in part 
(b), and a particular solution of the second ODE in part 
(b) of Problem 13. [Hint: See Problems 41, 42(c), and 
54 in Exercises 5.3.] 

(b) What product solution in part (a) would be bounded at 
the origin? 


at 0=0 


FIGURE 14.R.2 Plate in Problem 8 


9. If the boundary conditions for an annular plate defined by 
l1<r<2are 


=0, 0<@< 27, 


r=2 


0 
u(1, 6) = sin26, a 


show that the steady-state temperature is 


1 ft «S24 
=-- + 
u(r, 8) 5 (4 r rE r ) cos 20 


[Hint: See Figure 14.1.4. Also, use the identity sin? 0 = 
5 (1 — cos 26).] 

10. Find the steady-state temperature u(r, @) in the infinite plate 
shown in FIGURE 14.R.3. 


0 ate 


FIGURE 14.R.3 Infinite plate in Problem 10 
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11. 


13. 


Suppose heat is lost from the flat surfaces of a very thin circular 
plate of radius 1 into a surrounding medium at temperature 
zero. If the linear law of heat transfer applies, the heat equation 
assumes the form 


0 
- =e, ASOV.0S PL ieS6 


See FIGURE 14.R.4. Find the temperature u(r, ¢) if the edge r = 1 
is kept at temperature zero and if initially the temperature of 
the plate is unity throughout. 


FIGURE 14.R.4 Circular plate in Problem 11 


. Suppose x; is a positive zero of Jy. Show that a solution of the 


boundary-value problem 


5 au 1 ou ou 
7 zt ~ 2? 
or Yr or ot 


ul, =0, t>0 


0<r<1,t>0 


Ou 


u(r, 0) = uUpJo(%,r), =0, O0<r<l 


is U(r, t) = UgJo(Xr) COS axzL. 

Find the steady-state temperature u(r, z) in the cylinder in 
Figure 14.2.5 if the lateral side is kept at temperature zero, 
the top z = 4 is kept at temperature 50, and the base z = 0 
is insulated. 


. Solve the boundary-value problem 


aru 1 ou ru 
zt rer 
or r or OZ 


=0, 0<r<10<z< 1 


Ou 

ae =0, 0<z<l 

or r=1 

ur,0) =f), ur, l=gr), O<r<tl. 


. Find the steady-state temperature u(r, @) in a sphere of unit 


radius if the surface is kept at 


100, 
— 100, 


0<@<7/2 


lO = 4 w/2<0< 7. 


[Hint: See Problem 22 in Exercises 12.6.] 
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16. 


20. 


Solve the boundary-value problem 


au 2 du au 
= 0O<r<1,t>0 


ar? rar at?’ 
Ou 

Ss =0, t>0 
or r=1 


Ou 
u(r, 0) = flr), | 


= g(r), O<r<l. 
0 


[Hint: Proceed as in Problems 9 and 10 in Exercises 14.3, but 
let v(r, t) = ru(7, t). See Section 13.7.] 


. The function u(x) = Yo(a@a)Jo(ax) — Jo(aa)Y¥o(ax), a > 0 is 


a solution of the parametric Bessel equation 
au du 
2 22 
+x—+ axu =0 
dx? dx 


Xx 


on the interval [a, b]. If the eigenvalues A,, = a? are defined 
by the positive roots of the equation 


Yj(aa)Jy(ab) — Jo(aa)¥ (ab) = 0, 
show that the functions 


Uy (X) = Y(Qn@)I (OX) — J (QnA) Y (Qn X) 
u,(X) = Yo(a,2)Jo(@,X) _ J (QA) Yo(a,X) 


are orthogonal with respect to the weight function p(x) = x 
on the interval [a, b]; that is, 


b 
| XU,(xX)u,(x) dx =0, m#n. 


[Hint: Follow the procedure on pages 693 and 694. ] 


. Use the results of Problem 17 to solve the following boundary- 


value problem for the temperature u(r, f) in an annular plate: 
au lou au 
5 =— ax<r<b,r>0 
or ror ot 
u(a,t)=0, ub, t) = 0, 


ur,0)=f(r), a<r<b. 


t>0 


. Discuss how to solve 


au 1 ou au 
ar> Far az? 


=0, O0<r<c,0<z<L 


with the boundary conditions given in FIGURE 14.R.5. 


u=f(r) 
atz=L 


u= g(r) 
atz=0 


FIGURE 14.R.5 Cylinder in Problem 19 


Carry out your ideas and find u(r, z) in Problem 19. 
[Hint: Review (11) of Section 13.5.] 


CHAPTER 14 Boundary-Value Problems in Other Coordinate Systems 


In Problems 21—24, solve the given boundary-value problem. au lou du 
ae ae oe eee 
r r Z 


au 1 ou ru 


F + Sr ad = <r <7< 
oe ae Rip gg Ye u(l,2) = 0, 2>0 
u(l,z) = 100, 0<z<1 u(r,0) = 100, O<r<1 
Ou a i) a 
—| =0, 0<r<1 ee a6 Se Si Sh 
9 |-=0 ar? rar az? 


u(r, 1) = 200, O<r<1. w(1,z) = 0, 2>0 


: Eg PE, OU 0, 0<r<3,0<z<1 u(r,0) = u(1-—7?), O<r<1 
or ror 0z 
u(3,zZ) =U, O<z<1 
ur,0)=0, O<r<3 
ur, 1) =0, O<r<3. 
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CHAPTER 


The method of separation of 
variables that we employed in 
Chapters 13 and 14 is a powerful, 
but not universally applicable 
method for solving boundary- 
value problems. If the partial 
differential equation in question 
is nonhomogeneous, or if the 
boundary conditions are time 
dependent, or if the domain of 
the spatial variable is infinite: 
(—oo, co), or semi-infinite: 

(a, oo), we may be able to use an 
integral transform to solve the 
problem. In Section 15.2 we will 
solve problems that involve the 
heat and wave equations by 
means of the familiar Laplace 
transform. In Section 15.4 three 
new integral transforms, Fourier 
transforms, will be introduced 
and used. 


Integral Transform 


Method 
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See Appendix II. > 


15.4] Error Function 


INTRODUCTION There are many functions in mathematics that are defined by means of an 
integral. For example, in many traditional calculus texts the natural logarithm is defined in the 
following manner: In x = Jj dt/t, x > 0. In earlier chapters we have already seen, albeit briefly, 
the error function erf (x), the complementary error function erfc(x), the sine integral function Si(x), 
the Fresnel sine integral S(x), and the gamma function I'(q); all of these functions are defined 
in terms of an integral. Before applying the Laplace transform to boundary-value problems, we 
need to know a little more about the error function and the complementary error function. In this 
section we examine the graphs and a few of the more obvious properties of erf (x) and erfc(x). 


I| Properties and Graphs Recall from (14) of Section 2.3 that the definitions of the error 
function erf (x) and complementary error function erfc(x) are, respectively, 


ae ee BOT es 
erf(x) = | e" du and erfc(x) = | edu. (1) 
0 x 


Var Varde 


With the aid of polar coordinates, it can be demonstrated that 
ig Vir Pg 
| e"du= — or | e"“ du=1. (2) 
0 2 0 


We have already seen in (15) of Section 2.3 that when the second integral in (2) is written as { et f i + J 7 
we obtain an identity that relates the error function and the complementary error function: 
erf (x) + erfc(x) = 1. (3) 

For x > 0 it is seen in FIGURE 15.1.1 that erf(x) can be interpreted as the area of the blue region 
under the graph of f(t) = (2/ Vine ~ on the interval [0, x] and erfc(x) is the area of the red region 
on [x, co). The graph of the function fis often referred to as a bell curve. 

Because of the importance of erf(x) and erfc(x) in the solution of partial differential equations 
and in the theory of probability and statistics, these functions are built into computer algebra systems. 
So with the aid of Mathematica we get the graphs of erf(x) (in blue) and erfc(x) (in red) given in 
FIGURE 15.1.2. The y-intercepts of the two graphs give the values 


e erf(0) = 0, erfc(O) = 1. 


erfc(x) 


erf(x) 


Aj 


FIGURE 15.1.1 Bell curve FIGURE 15.1.2 Graphs of erf(x) and erfc(x) 


Other numerical values of erf(x) and erfc(x) can be obtained directly from a CAS. Further inspec- 
tion of the two graphs shows that: 

e the domains of erf(x) and erfc(x) are (—oo, oo), 

e erf(x) and erfc(x) are continuous functions, 

e lim erf(x) = 1, lim erf(x) > —-1, 


x— 00 


e lim erfce(x) 0, lim erfc(x) > 2. 


X—00 co 
It should also be apparent that the graph of the error function is symmetric with respect to the 
origin and so erf(x) is an odd function: 


erf(—x) = —erf(x). (4) 


You are asked to prove (4) in Problem 14 of Exercises 15.1. 
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TABLE 15.1.1 


Table 15.1.1 contains Laplace transforms of some functions involving the error and comple- 
mentary error functions. These results will be useful in the exercises in the next section. 


Doe Lf} =F) | fO,a>0 STE ITE 
3. erfc (+) a 6. —e” e% erfc (ov + <7) + erfe (=<) a 


REMARKS 


The proofs of the results in Table 15.1.1 will not be given because they are long and somewhat 
complicated. For example, the proofs of entries 2 and 3 of the table require several changes of 


variables and the use of the convolution theorem. For those who are curious, see Introduction to 
the Laplace Transform, by Holl, Maple, and Vinograde, Appleton-Century-Crofts, 1959, pages 
142-143. A flavor of these kinds of proofs can be gotten by working Problem 1| in Exercises 15.1. 


| 15.1 | |Exercises| Answers to selected odd-numbered problems begin on page ANS-35. 


1 f'et 
. (a) Show that erf(V/t) = —= | ~— dr. 
Virb Vr 
(b) Use part (a), the convolution theorem, and the result of 
Problem 43 in Exercises 4.1 to show that 


1 
Pferf(Vt)} = ———. 
ee } sVs + 1 


| 
eaeal 


| 
sig = 1). 


. Use the result of Problem | to show that 


P{erfc(Vt)} = - c - 


. Use the result of Problem | to show that 


L{e'ert(V1)} = 


. Use the result of Problem 2 to show that 


Lf{e'erfe(V ty} _ VEER 
RY S 


. Use the result of Problem 4 to show that 


1 1 
{4 - ‘erf vo} =——. 
es e’erfc(V ft) oe i 


. Find the inverse transform 


{1}. 
1+ Vs+1 
[Hint: Rationalize a denominator followed by a rationalization 
of a numerator. ] 


7. 


[<-) 


10. 


11. 


12. 
13. 


14. 
15. 


Let C, G, R, and x be constants. Use Table 15.1.1 to show that 


(= eee) = cert (3 AC) 
2 bo 


-1 
la +G 


. Let a be a constant. Show that 


ef sinha} 
ssinh V's 


ag) eg 7 


[Hint: Use the exponential definition of the hyperbolic sine. 


Expand 1/(1 — e2Vs) in a geometric series. ] 


. Use the Laplace transform and Table 15.1.1 to solve the 


integral equation 


y(t) = 1 -| MO a, 
0 


| ame 


Use the third and fifth entries in Table 15.1.1 to derive the 
sixth entry. 


Show that fe~" du = 


Va [erf(b) — erf(a)]. 


2 
Show that f“,e~" du = Var erf (a). 
erf(x) 2 


Show that lim ——— = —=. 
ow tha ye = aie 

Prove that erf(x) is an odd function. 

Show that erfe(—x) = 1 + erf(x). 
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15.2] Applications of the Laplace Transform 


INTRODUCTION — InChapter 4 we defined the Laplace transform of a function f(d), t = 0, to be 
L{ FO} = | ef dt, 
0 

whenever the improper integral converges. This integral transforms a function f(f) into another 
function F of the transform parameter s, that is, £{ f(f)} = F(s). The main application of the 
Laplace transform in Chapter 4 was to the solution of certain types of initial-value problems 
involving linear ordinary differential equations with constant coefficients. Recall, the Laplace 
transform of such an equation reduces the ODE to an algebraic equation. In this section we are 
going to apply the Laplace transform to linear partial differential equations. We will see that this 
transform reduces a PDE to an ODE. 


I| Transform of Partial Derivatives The boundary-value problems considered in this 
section will involve either the one-dimensional wave and heat equations or slight variations of these 
equations. These PDEs involve an unknown function of two independent variables u(x, ft), where 
the variable ¢ represents time t = 0. We define the Laplace transform of u(x, f) with respect to t by 


oo 


L{u(x, )} = | e “u(x, t) dt = U(x, s), 
0 


where x is treated as a parameter. Throughout this section we shall assume that all the operational 
properties of Sections 4.2, 4.3, and 4.4 apply to functions of two variables. For example, by 
Theorem 4.2.2, the transform of the partial derivative du/ot is 


oof I = sL£{u(x, )} — u(x, 0); 


ot 
: Ou 
that is, {| = sU(x, s) — u(x, 0). (1) 
ete au 2 
Similarly, Ne a = s°U(x, s) — su(x, 0) — u,(x, 0). (2) 


Since we are transforming with respect to t, we further suppose that it is legitimate to interchange 
integration and differentiation in the transform of d”u/ax": 


au au So 
{4 = | e"*—i dt = | =[e “u(x, t)] dt 
Ox 0 Ox 0 OXe 


d? [~ q* 
= ral e “u(x, t) dt = He eee t)}; 
2 2 
that is, sof s} ae =. (3) 
ox” dx* 


In view of (1) and (2) we see that the Laplace transform is suited to problems with initial 
conditions—namely, those problems associated with the heat equation or the wave equation. We 
will see in Section 15.4 that boundary-value problems involving Laplace’s equation in which one 
(or both) of the spatial variables is defined on an unbounded interval can often be solved using 
different integral transforms. 


| EXAMPLE1 | Laplace Transform of a PDE 


au au 
Find the Laplace transform of the wave equation a* a) = t > 0. 
x 


SOLUTION From (2) and (3), 
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2 
becomes a = Pi{ulx, )} = s?L{u(x, )} — su(x, 0) — u,(x, 0) 


or a 


— s°U = —su(x, 0) — u,(x, 0). (4) = 


The Laplace transform with respect to ¢ of either the wave equation or the heat equation elimi- 
nates that variable, and for the one-dimensional equations the transformed equations are then 
ordinary differential equations in the spatial variable x. In solving a transformed equation, we 
treat s as a parameter. 


| EXAMPLE2 | Using the Laplace Transform to Solve a BVP 
ax? at?’ 


subject to u(0,t)=0, ul, =0, t>0 


Solve O0O<x<1,r>0 


0 
u(x,0)=0, “| =sinax, O<x<1. 
ot t=0 
SOLUTION = The partial differential equation is recognized as the wave equation with a = 1. 
From (4) and the given initial conditions, the transformed equation is 
d°U 
ee? 
where U(x, s) = L{u(x, t)}. Since the boundary conditions are functions of t, we must also 
find their Laplace transforms: 


L{uW0,t)} =U0,s)=0 and  L{u(1,)} = UC,s)=0. (6) 


— s°U = —sin mx, (5) 


The results in (6) are boundary conditions for the ordinary differential equation (5). Since (5) 
is defined over a finite interval, its complementary function is 


U(x, 8) = c, cosh sx + c> sinh sx. 


The method of undetermined coefficients yields a particular solution 


1 
U(x, s) = =— sin 7x. 
px, 8) gi ah et 
1 
Hence U(x, s) = c; cosh sx + cy sinh sx + ae sin 77x. 
Ss 7 


But the conditions U(0, s) = 0 and U(1, s) = 0 yield, in turn, c; = 0 and c, = 0. We conclude that 


1 

U(x, 8s) = => sin 7x 

(5) s+ a 

1 1 1 
u(x, t) = £7'§ ——— sin ax Pp = sine 4 7h 
(1) Fe + 7 \ T s+ a 
Ls : 
Therefore u(x, t) = < sin 7x sin 7rt. = 


| EXAMPLE3 | Using the Laplace Transform to Solve a BVP 


A very long string is initially at rest on the nonnegative x-axis. The string is secured at x = 0, 
and its distant right end slides down a frictionless vertical support. The string is set in motion 
by letting it fall under its own weight. Find the displacement u(x, £). 


SOLUTION Since the force of gravity is taken into consideration, it can be shown that the 
wave equation has the form 
2 2 
7 OU Oru 


ax?  9t?? 


x>0, t>0, 
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where g is the acceleration due to gravity. The boundary and initial conditions are, 
respectively, 


. ou 
u(0,f) = 0, lim—=0, t>0 
Ox 


x—00 


Ou 
u(x, 0) = 0, — 


=0, x>0. 
ot 


t=0 


The second boundary condition lim,_,,, du/dx = 0 indicates that the string is horizontal at a 
great distance from the left end. Now from (2) and (3), 


ou “a 
Lia? -F£ = £,— 
{a aI {sh ‘3 


d’U 
-) — & = s°U _ SU(X, 0) ~_ u,(X, 0) 


dx? Ss 


becomes a 


or, in view of the initial conditions, 
dus? _ 8g 


5 ‘ 
dx~ a’ a’s 


The transforms of the boundary conditions are 


a d 
£{u(0,)} = U(0,s)=0 and se} tim “\ Sia =, 


x00 OX xo AX 


With the aid of undetermined coefficients, the general solution of the transformed equation 
is found to be 


U(x, Ss) — ce 95 4 ces _ = 
Ss 
The boundary condition lim,_,,, dU/dx = 0 implies c, = 0, and U(0, s) = 0 gives c, = g/s°. 
Therefore 
U(x, s) = Sew — & 
s Ss 


Now by the second translation theorem we have 


qe ee g 1 x\? e 1 
t) = £15 Se os — = f=—) Ulta) =e 
: u(x, t) {Se a 78 A ee 5 8! 


vertical 
support ma 
ii at co ! —= gt’, 0 a ae 
. or ux0) = 
| & 2 x 
| == 20 = 2°), FS 
--dy 2a~ a 
(at, a gt?) i 
To interpret the solution, let us suppose ¢ > 0 is fixed. For 0 < x < at, the string is the shape 
FIGURE 15.2.1 A long string falling under of a parabola passing through the points (0, 0) and (at, —5 gt”). For x > at, the string is 
its own weight in Example 3 described by the horizontal line u = —3gt*. See FIGURE 15.2.1. = 


Observe that the problem in the next example could be solved by the procedure in Section 13.6. 
The Laplace transform provides an alternative solution. 


| EXAMPLE4 | A Solution in Terms of erf (x) 


Solve the heat equation 
T= ge O<x<1,r>0 
subject to u(0, t) =0, ud,t) =u, t>0 


u(x,0)=0, O<x< 1. 
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Also see Problem 8 in 
Exercises 15.1 


> 


SOLUTION From (1) and (3) and the given initial condition, 
a a 
aa} = 15) 
Ox ot 


becomes — -sU=0. (7) 
The transforms of the boundary conditions are 
Ug 
U(0O,s)=0 and U(l,s)= ee (8) 


Since we are concerned with a finite interval on the x-axis, we choose to write the general 
solution of (7) as 


U(x, s) = c, cosh (Vsx) + c, sinh (V'sx). 


Applying the two boundary conditions in (8) yields, respectively, c, = 0 and c) = up/(s sinh V's). 
Thus 


sinh (Vsx) 
ssinh V's ° 


Now the inverse transform of the latter function cannot be found in most tables. However, 
by writing 


UG, s) = uy 


sinh (Vsx) ev™ _ evs evs _ et Ds 
ssinhVs — s(eV® — eV’) sl — e-2%) 


and using the geometric series 


1 —2 
= > 2nV/s 
n 
1 e Vs n=0 


we find 


sinh (Vsx) 00 een +1-xVs een +14+x)Vs 
6 s s , 


s sinh V's - ‘= 


If we assume that the inverse Laplace transform can be done term by term, it follows from 
entry 3 of Table 15.1.1 that 


7 san 
x,t) = UF 
ula, f) = Uy s sinh V's 
0° een +1 —xVs ent 1 +xVs5 
_ -1 _ gol 
D> ors are 
2n+1—- 2n+1+x 
= fe — erfc| ———_— ]} |]. 9 
w0>[ere( 2Vi a ee 2Vi ) " 
The solution (9) can be rewritten in terms of the error function using erfc(x) = 1 — erf(x): 
Be 2m ae 1 =e x 2a se l= & 
u(x, t) = wd ]erf( @21**) — ot( #5) | (10) = 


FIGURE 15.2.2(a), obtained with the aid of the 3D plot function in a CAS, shows the surface over 
the rectangular region 0 = x = 1,0 =+ < 6 defined by the partial sum S,)(x, ¢) of the solution 
(10). Itis apparent from the surface and the accompanying two-dimensional graphs that at a fixed 
value of x (the curve of intersection of a plane slicing the surface perpendicular to the x-axis) on 
the interval [0, 1], the temperature u(x, f) increases rapidly to a constant value as time increases. 
See Figure 15.2.2(b) and 15.2.2(c). For a fixed time (the curve of intersection of a plane slicing 
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the surface perpendicular to the f-axis), the temperature u(x, f) naturally increases from 0 to 100. 
See Figure 15.2.2(d) and 15.2.2(e). 


(a) uy = 100 
u(0.2, t) u(0.7, t) 
100 o44t T et 100 T r 1 
80 | 805 ] 
60 7] 60 fF 1 
40 7 40 1 
20 20 F ] 
\ i i ‘ i dt f f . fl fl lt 
0 1 2 3 4 5 6 0 1 2 3 4 5 6 
(b) x = 0.2 (c) x =0.7 
u(x, 0.1) u(x, 4) 
120 ae 1 aa 120 i 
100 100 
80 80 
60 60 
40 40 
20 20 
L L L 1 ux L 1 1 1 ux 
0 0.2 04 06 0.8 1 0 0.2 04 06 08 1 
(d) t=0.1 (e) t=4 


FIGURE 15.2.2 Graph of solution given in (10). In (b) and (c), x is held constant. 
In (d) and (e), f is held constant. 


| 15.2 | Exercises Answers to selected odd-numbered problems begin on page ANS-35. 


In the following problems use tables as necessary. 3. The displacement of a semi-infinite elastic string is determined 


from 


1. A string is secured to the x-axis at (0, 0) and (LZ, 0). Find the 2 2 
: ; : , sce Oru ovu 
displacement u(x, ft) if the string starts from rest in the initial 2 — = 7p Seo S00 
position A sin(7rx/L). ox ot 
2. Solve the boundary-value problem u(0,1) =f@,  limuG@, ft) = 0, t> 0 
au ru ou 
a7 TD 0<x<1,r>0 u(x, 0) = 0, =0,x>0. 
ax at Otis 
u(0,t)=0, ul, =0 Solve for u(x, t). 
2 4. Solve the boundary-value problem in Problem 3 when 
Uu . : 
u(x, 0) = 0, ay 7 = 2sinax + 4 sin3ax. ak OS F271 
Ss io) = 
0, f>1: 


Sketch the displacement u(x, ¢) fort > 1. 
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5. In Example 3, find the displacement u(x, t) when the left end 


of the string at x = 0 is given an oscillatory motion described 
by f® =A sin wt. 

. The displacement u(x, t) of a string that is driven by an external 
force is determined from 


ou ou 


oo O0O<x<1,rt>0 
x i 


u(0O,t)=0, u(l,t) =0, t>0 
Ou 

u(x,0) = 0, — =0,0<x< 1. 
ot t=0 


Solve for u(x, t). 

. A uniform bar is clamped at x = 0 and is initially at rest. Ifa 
constant force Fy, is applied to the free end at x = L, the 
longitudinal displacement u(x, f) of a cross section of the bar 
is determined from 


a a — oe 0<x<Lt>0 
Ox ot 


ou 
u(0,t) = 0, E 


= Fy, Eaconstant, t > 0 
Ox 


x=L 


Ou 


,0) = 0, 
u(x, 0) v 


=0,0<x<L. 
1=0 


Solve for u(x, t). [Hint: Expand 1/(1 + e-**““) in a geometric 
series. | 

. A uniform semi-infinite elastic beam moving along the x-axis 
with a constant velocity —vy is brought to a stop by hitting a 
wall at time ¢ = 0. See FIGURE 15.2.3. The longitudinal 
displacement u(x, t) is determined from 


2 ou au 
a a oo x>0,t>0 
Ox ot 
. Ou 
u(0,t) = 0, lim —=0, t>0 
x00 OX 
Ou 
u(x,0) = 0, — = Vv, x > 0. 
ot t=0 
Solve for u(x, f). 
wall beam 
<Vo 
Sera any 
> 
_ 
x=0 


FIGURE 15.2.3 Moving elastic beam in Problem 8 


. Solve the boundary-value problem 


ou au 
=o ae oO >0,t>0 
Ox ot” 
u(O, tf) = 0, limu(x, t) = 0, t > O 
X—00 
ou 


=0,x> 0. 


u(x, 0) = xe*, — 
(x, 0) at lo 


10. 


Solve the boundary-value problem 
au _ au 


ax? at?’ 


x>0,t>0 


u(0,f) = 1, lim u(x, f) = 0, t> 0 


u(x, 0) =e, 


=0,x>0. 


t=0 


In Problems 11-18, use the Laplace transform to solve the heat 
equation u,, = u,, x > 0, t > 0 subject to the given conditions. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


u(O, t) = up, limu(x,t) = u,, u(x, 0) = uy, 
_ U(x, t) 
u(O, t) = up, lim =u,, u(x, 0) = ux 
Ou ; 
= = u(0,t), limu(x, ft) = up, u(x, 0) = up 
Ox <=0 X—00 
Ou ; 
ae = u(0, t) — 50,  limu(x,t) = 0, u(x, 0) = 0 
IX r=0 X00 


u(O, t) = f, lim u(x, t)=0, u(x,0) =0 


[Hint: Use the convolution theorem. ] 
Ou 


Ox 


= -f(), limu(,t) = 0, uix,0) = 0 


x=0 
u(0, t) = 60 + 40 U(t — 2), limu(x, t) = 60, 
u(x, 0) = 60 


on ={” eg limu(x, t) = 100 
= we 
u(x, 0) = 100 
Solve the boundary-value problem 
au ou 
so “eee 0 
Ox ot 
ou ‘ 
— = 100-u0,, limu(tx,t) = 0, t>0 
Ox Pes xX—>—00 
u(x,0)=0, -coo<x<l. 
Show that a solution of the boundary-value problem 
au ou 
k—> =—, x>0,t>0 
Ox ot 


. ou 
u(O, t) = 0, Le t>0 


u(x, 0) = 0, x > 0, 


where r is a constant, is given by 


t 

x 
u(x, t) = rt — | erfc (—_.) dt. 
0 2V kr 
A rod of length L is held at a constant temperature up at its 
ends x = 0 and x = L. If the rod’s initial temperature is 
Ug + Up Sin(x7r/L), solve the heat equation u,, = u,0<x<L, 
t > 0 for the temperature u(x, f). 
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22. 


23. 


24. 


25. 


26. 


27. 


If there is a heat transfer from the lateral surface of a thin wire 
of length LZ into a medium at constant temperature w,,, then the 
heat equation takes on the form 


au _ Ou 
bg ee oe O0<x<L,t>Q0, 


where / is a constant. Find the temperature u(x, f) if the initial 
temperature is a constant u, throughout and the ends x = 0 
and x = L are insulated. 

A rod of unit length is insulated at x = O and is kept at 
temperature zero at x = |. If the initial temperature of the rod 
is a constant Up, solve ku,, = u, 0 <x < 1,t> 0 for the 
temperature u(x, ft). [Hint: Expand 1/(1 + en 2Vsiky ina 
geometric series. ] 

An infinite porous slab of unit width is immersed in a solution 
of constant concentration cy. A dissolved substance in the 
solution diffuses into the slab. The concentration c(x, f) in the 
slab is determined from 


ac ac 
5=—, O<x<l1t>O0 

Ox~ ot 
c(0,) =cy, c,d = cy, t>0 


c(x,0)=0, O<x< 1, 


where D is a constant. Solve for c(x, #). 
A very long telephone transmission line is initially at a constant 
potential uw. If the line is grounded at x = 0 and insulated at 
the distant right end, then the potential u(x, 4) at a point x along 
the line at time ¢ is determined from 

au ou 


—z — RC— = RGu = 0, 


) x>0,t>0 
Ox ot 


. Ou 
u(0, t) = 0, a t>0 


x00 OX 
u(x, 0) = uy, x > 0, 


where R, C, and G are constants known as resistance, ca- 
pacitance, and conductance, respectively. Solve for u(x, f). 
[Hint: See Problem 7 in Exercises 15.1.] 

Starting at t = 0, a concentrated load of magnitude Fy moves 
with a constant velocity vy along a semi-infinite string. In this 
case the wave equation becomes 


5 ou ou x 
a 5 ge gO C= s, 
Ox ot Vo 


where 6(f — x/vo) is the Dirac delta function. Solve this PDE 
subject to 


u(0, t) = 0, limu(x,) = 0, t>0 


ou 
u(x,0) = 0, — =0,x>0 


t=0 


(a) when vy # a, and 

(b) when vp = a. 

In Problem 9 of Exercises 14.3 you were asked to find the 
time-dependent temperatures u(r, f) within a unit sphere. The 
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28. 


29. 


30. 


temperatures outside the sphere are described by the boundary- 
value problem 
au  2du du 


7 =—, r>1,t>0 
or ror ot 


u(1, t) = 100, r>0 


limu(r, t) = 0 


u(r,0) = 0, r>1. 


Use the Laplace transform to find u(r, 1). [Hint: After 
transforming the PDE, let v(r, s) = r U(r, s), where 
Lf{ulr, )} = U(r, s).] 

Show that a solution of the boundary-value problem 


ou ou 
—, — hi= oe x > 0, t > 0,h constant 


u(O, t) = up, limu(x, t) = 0, t > 0 


u(x,0)=0, x>0 
toh —x/41 
. UyX e 
is u(x, t) = | dt. 
WV « 0 al 


The temperature in a semi-infinite solid is modeled by the 
boundary-value problem 
au ou 
aH XS 0 tS 0 
Ox ot 
u(O, t) = up, limu(x, t) = 0, t > 0 


u(x, 0) = 0, x > 0 


Solve for u(x, t). Use the solution to determine analytically 
the value of lim,_,,, u(x, ), x > 0. 
In Problem 29, if there is a constant flux of heat into the solid 


at its left-hand boundary, then the boundary condition is 


0 
. = —Up, Uy > 0, t > 0. Solve for u(x, £). Use the solu- 


u(x, t), x > 0. 


ax x=0 
tion to determine analytically the value of lim. 


too 


Computer Lab Assignments 


31. 


32. 


33. 


Use a CAS to obtain the graph of u(x, f) in Problem 29 over 
the rectangular region defined by 0 = x = 10,0 =r = 15. 
Assume uy = 100 andk = 1. Indicate the two boundary con- 
ditions and initial condition on your graph. Use 2D and 3D 
plots of u(x, f) to verify the value of lim,_,,, u@, 2). 

Use a CAS to obtain the graph of u(x, f) in Problem 30 over 
the rectangular region defined by 0 = x = 10,0 =r = 15. 
Assume uy = 100 and k = 1. Use 2D and 3D plots of u(x, f) 
to verify the value of lim,_,,, u(x, 2). 

Humans gather most of their information on the outside world 
through sight and sound. But many creatures use chemical 
signals as their primary means of communication; for 
example, honeybees, when alarmed, emit a substance and fan 
their wings feverishly to relay the warning signal to the bees 
that attend to the queen. These molecular messages between 
members of the same species are called pheromones. The 


signals may be carried by moving air or water or by a 
diffusion process in which the random movement of gas 
molecules transports the chemical away from its source. 
FIGURE 15.2.4 shows an ant emitting an alarm chemical into 
the still air of a tunnel. If c(x, t) denotes the concentration 
of the chemical x centimeters from the source at time f, then 
c(x, f) satisfies 
ac dc 


Kio x>0, t>0, 
Ox ot 


and k is a positive constant. The emission of pheromones as 
a discrete pulse gives rise to a boundary condition of the 
form 


= —Ad(t 
[a (2), 


x=0 


where 6(f) is the Dirac delta function. 


(a) Solve the boundary-value problem if it is further known 
that c(x, 0) = 0, x > 0, and lim,_,,, c(x, ) = 0, t> 0. 

(b) Use aCAS to plot the graph of the solution in part (a) for 
x > 0 at the fixed times t = 0.1, = 0.5,t = 1, f = 2, 
t=5. 

(c) Fora fixed time t, show that f5°c(x, tf) dx = Ak. Thus Ak 
represents the total amount of chemical discharged. 


— eK 
t > 
0 xX 


FIGURE 15.2.4 Ants in Problem 33 


15.3 Fourier Integral 


INTRODUCTION In preceding chapters, Fourier series were used to represent a function f 
defined on a finite interval (—p, p) or (0, L). When fand f’ are piecewise continuous on such an 
interval, a Fourier series represents the function on the interval and converges to the periodic 
extension of f outside the interval. In this way we are justified in saying that Fourier series are 
associated only with periodic functions. We shall now derive, in a nonrigorous fashion, a means 
of representing certain kinds of nonperiodic functions that are defined on either an infinite interval 
(—oo, oo) or a semi-infinite interval (0, co). 


[| From Fourier Series to Fourier Integral Suppose a function fis defined on (—p, p). 
If we use the integral definitions of the coefficients (9), (10), and (11) of Section 12.2 in (8) of that 
section, then the Fourier series of f on the interval is 


P co 
f@) = ll poa ++ S|( 
Pp 


n=1 


nt nr e _ on _ on 
f(t) cos — rat) cos —x + (| f() sin—t ar) sin | (1) 
P P P P 


=p 


If we let a,, = n7r/p, Aa = a,,, — a, = 7/p, then (1) becomes 


ff 12 
f) = re( | re ar) Aer > 


n=1 


p p 
f() cos a, t ar) cos a,x + (| f() sin a,t ar) sin a,:| Aa. (2) 


—p 


We now expand the interval (—p, p) by letting p — oo. Since p > co implies that Aa — 0, the 


limit of (2) has the form lim,, ,9 =>—//(a,)Aa, which is suggestive of the definition of the 
integral [f°F(@) da. Thus if J, f(0) dt exists, the limit of the first term in (2) is zero and the limit 


of the sum becomes 


1 
f@) = al 


0 


(| f(@ cos at ar) cos ax + (| f@ sin at ar) sin ax| da. (3) 


ile.) 


The result given in (3) is called the Fourier integral of f on the interval (—oo, 00). As the fol- 
lowing summary shows, the basic structure of the Fourier integral is reminiscent of that of a 


Fourier series. 
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FIGURE 15.3.1 Function fin Example 1 


778 


i 
i 
1 
I 

2. 


*This means that the integral | 


Definition 15.3.1 Fourier Integral 


The Fourier integral of a function f defined on the interval (—oo, 00) is given by 


f@ = +| [A(a)cos ax + B(a)sin ax] da, (4) 

0 
where A(a) = | f(x) cos ax dx (5) 
B(a) = | f(x) sin ax dx. (6) 


Hi Converg ence of a Fourier Integ ral Sufficient conditions under which a Fourier integral 
converges to f(x) are similar to, but slightly more restrictive than, the conditions for a Fourier series. 


Theorem 15.3.1 Conditions for Convergence 


Let fand f’ be piecewise continuous on every finite interval, and let fbe absolutely integrable 
on (—co, co).* Then the Fourier integral of f on the interval converges to f(x) at a point of 
continuity. At a point of discontinuity, the Fourier integral will converge to the average 


fat) + f@a—) 
9 > 
where f(x+) and f(x—) denote the limit of fat x from the right and from the left, respectively. 


| EXAMPLE1 | Fourier Integral Representation 


Find the Fourier integral representation of the piecewise-continuous function 


0, x«<O0O 
f@M=§)1 O<x<2 
0, x«x«>2. 


SOLUTION The function, whose graph is shown in FIGURE 15.3.1, satisfies the hypotheses of 
Theorem 15.3.1. Hence from (5) and (6) we have at once 


A(@) = | F(x)cos ax dx 


2 


0 ioe) 
= | Ff(x)cos ax dx + | feoeos ax dx + | Ff(x)cos ax dx 
oo 0 2 


3 . 

sin 2a 

= | cosax dx = ——— 
0 


Qa 


. ; : : 1 — cos2a 
Bia) = f(x)sinax dx = | sinax dx = ——— 
= ' 


a 


Substituting these coefficients into (4) then gives 


1(°| / sin2a 1 — cos2a\. 
f@m== cos ax + | ———— ]sin ax | da. 
T Jy a a 


When we use trigonometric identities, the last integral simplifies to 


” sinacos a(x — 1 
( dy 


2 = 
fa) = = | a. (1) = 
0 


Qa 


co 


| f(x)| dx converges. 
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FIGURE 15.3.2 Function fin Example 2 


The Fourier integral can be used to evaluate integrals. For example, at x = 1 it follows from 
Theorem 15.3.1 that (7) converges to f(1); that is, 


[o.e} . 
sina 7 
da = —. 
0 @ 2 


The latter result is worthy of special note since it cannot be obtained in the “usual” manner; the 
integrand (sin x)/x does not possess an antiderivative that is an elementary function. 


Hi Cosine and Sine Integrals When fis an even function on the interval (—oo, 00), then 
the product f(x) cos ax is also an even function, whereas f(x) sin ax is an odd function. As a 
consequence of property (g) of Theorem 12.3.1, B(a) = 0, and so (4) becomes 


f@) = 2/ (| F(p)cos at at eos ax da. 
0 \Jo 


Here we have also used property (f) of Theorem 12.3.1 to write 


love) 


| f()cos at dt = 2| F(cos at dt. 
—co 0 


Similarly, when fis an odd function on (—oo, oo) the products f(x) cos ax and f(x) sin ax are odd 
and even functions, respectively. Therefore A(a) = 0 and 


f@) = = | (| f()sin at ar) sin ax da. 
0 \Jo 


We summarize in the following definition. 


Definition 15.3.2 Fourier Cosine and Sine Integrals 


(i) The Fourier integral of an even function on the interval (—co, co) is the cosine integral 


2 CoO 
iC) eee | A(a)cos ax da, (8) 
Yo 
where A(a) = | f(x) cos ax dx. (9) 
0 
(ii) The Fourier integral of an odd function on the interval (—oo, co) is the sine integral 
9) [oe} 
fa == | B(a)sin ax da, (10) 
a ly 
where Bia) = | f(x)sin ax dx. (11) 
0 


| EXAMPLE2 | Cosine Integral Representation 


Find the Fourier integral representation of the function 


1, |x)<a 
0, |x| >a. 


f@ = { 


SOLUTION It is apparent from FIGURE 15.3.2 that fis an even function. Hence we represent f 
by the Fourier cosine integral (8). From (9) we obtain 


a co 


Ff(x)cos ax dx + | F(x)cos ax dx 


a 


A(q@) -| f(x)cos ax dx -| 
0 


0 


a . 
sin aa 
= | cosaxdx = 5 
R a 


=|" sina cos ax | (12) = 
0 


and so f@ = = a 
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x 
| 


FIGURE 15.3.3 Function fin Example 3 


y 


/ 
4 NL 
en al 


x 


(a) Cosine integral 


(b) Sine integral 


FIGURE 15.3.4 In Example 3, (a) is the 
even extension of f; (b) is the odd 
extension of f 


The integrals (8) and (10) can be used when fis neither odd nor even and defined only on the 


half-line (0, oo). In this case (8) represents fon the interval (0, oo) and its even (but not periodic) 
extension to (—oo, 0), whereas (10) represents fon (0, oo) and its odd extension to the interval 
(—oo, 0). The next example illustrates this concept. 


Cosine and Sine Integral Representations 
Represent f(x) = e *, x > 0 (a) by a cosine integral; (b) by a sine integral. 
SOLUTION The graph of the function is given in FIGURE 15.3.3. 
(a) Using integration by parts, we find 
ad 1 


A = ~*cos ax dx = : 
(a) | e ax dx peal 


Therefore from (8) the cosine integral of fis 


fa) = 2/ ee dw. (13) 
10 a 


(b) Similarly, we have 


[ove] 


Bia) = | e “sinax dx = 
0 


1+ a 


From (10) the sine integral of fis then 


(9G) Gan (14) 


2 | * asin ax 
0 

FIGURE 15.3.4 shows the graphs of the functions and their extensions represented by the two 

integrals. = 


I Complex Form The Fourier integral (4) also possesses an equivalent complex form, or 
exponential form, that is analogous to the complex form of a Fourier series (see Section 12.4). 
If (5) and (6) are substituted into (4), then 


1 CoO co 
fa = ra | | f(@[ cos at cosax + sinat sinax|dtda 
0 — 


foe) 


= | | f()cos a(t — x)dt da 


T Jo 


= =| | f(cos a(t — x)dt da (15) 
QT) ye Jes 
= =| | f@[ cos a(t — x) + isina(t — x)| dtda (16) 
TT —Co/’—oo 
ee 


= | | f(t) e'— dt da 


oo: 


= = | (| f(itje™ ar) e ™ da. (17) 


We note that (15) follows from the fact that the integrand is an even function of a. In (16) we 
have simply added zero to the integrand, 


1 | f(sin a(t — x)dtda = 0, 
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1.5p us 
1b 
0 x 
-0.5 
-15 


(a) Foo(x) 
1.5n T T : T T T 
IE 
0.5- 
0 x 
-0.5 
-18 


(b) Goo(x) 


FIGURE 15.3.5 Graphs of partial integrals 


because the integrand is an odd function of a. The integral in (17) can be expressed as 


lee) 


f@ = =| C(a) e ' da, (18) 
2 Ie. 


where C(a) = | fie dx. (19) 
This latter form of the Fourier integral will be put to use in the next section when we return 
to the solution of boundary-value problems. 


Hi Use of Computers The convergence of a Fourier integral can be examined in a manner 
that is similar to graphing partial sums of a Fourier series. To illustrate, let’s use the results in 
parts (a) and (b) of Example 3. By definition of an improper integral, the Fourier cosine integral 
representation of f(x) = e *,x > 0 in (13) can be written as f(x) = lim,_,,,F,(x), where 


> [? 
Fix) = = i paw 


COS AX 


Qa, 


x 


and x is treated as a parameter. Similarly, the Fourier sine integral representation of f(x) = e *, 
x > 0 in (14) can be written as f(x) = lim,_,,.G,(x), where 


db, 
2 a sin ax 
Guay = 2 | ia da 


Because the Fourier integrals (13) and (14) converge, the graphs of the partial integrals F’,(x) 
and G;,(x) for a specified value of b > 0 will be an approximation to the graph of f and its 
even and odd extensions shown in Figure 15.3.4(a) and 15.3.4(b), respectively. The graphs of 
F(x) and G,(x) for b = 20 given in FIGURE 15.3.5 were obtained using Mathematica and its 
NIntegrate application. See Problem 21 in Exercises 15.3. 


Answers to selected odd-numbered problems begin on page ANS-35. 


In Problems 1-6, find the Fourier integral representation of the 0, x<—-]1 
given function. —§. <pSey—ao9 
1. fx) = 
0, x<-l on 0<x<1l 
-1, -1<x<0 0, x>l 
1. f(x) = 
2» 0<x<l 0, |x] < 1 
0, x>1 8 fx~= 4), 1< |x| <2 
0, x< 7 0, |x| > 2 
2f@= 9/4, 7<x< 27 |x|, |x| <a x, |x| <7 
9. f(x) = 10. f(x) = 
0, x > 27 0, |x) >a 0, |x| > 7 
0, x<0 1. f(x) = e sinx 12. f(x) = xe" 
3 f@M= fx, O<x<3 
0 x>3 In Problems 13-16, find the cosine and sine integral representa- 
tions of the given function. 
0, x<0 
4 f®=<sinx, OSxe 13. f@=e*,k>0,.x>0 4. fx) =e*-—e*%,x>0 
0, x>7 16.70) =22 x0 16. f(x) =e “cosx,x>0 
5. f(x) = = P <0 6. f(x) = i“ <1 In Problems 17 and 18, solve the given integral equation for the 
e*.. £20 0, |xj>1 function f. 


In Problems 7—12, represent the given function by an 


appropriate cosine or sine integral. 


17. | f(x) cos ax dx =e ® 
0 
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18. | fio)sinax de = f 
(0) 0 


0<a<l (a) Use a trigonometric identity to show that an alternative 
a> form of the Fourier integral representation (12) of the 


function fin Example 2 (with a = 1) is 


19. (a) Use (7) to show iat | i= fo) = 1 (~ sina(x + 1) — sinaw — 1) do 
2 : 7 |, m 
[Hint: a is a dummy variable of integration. ] (hi): As 4 Sonsequenceof part). fi = tim), where 
b-oo 
[ee . kx b 2 _ . _ 
(b) Show in general that, for k > 0, | psa ka - ay F,@) = 1 sina(x + 1) — sina(x — 1) ay 
0 x 2 T Jy a 
20. Use the complex form (19) to find the Fourier integral Show that the last integral can be written as 


representation of f(x) = e  "!. Show that the result is the same 


as that obtained from (8) and (9). 


Computer Lab Assignment 


21. While the integral (12) can be graphed in the same manner 
discussed on page 781 to obtain Figure 15.3.5, it can also be 
expressed in terms of a special function that is built into 


a CAS. 


782 


1 
F(x) = [Sib + 1) — Sitb@ — I)I, 


where Si(x) is the sine integral function. See Problem 43 
in Exercises 2.3. 

(c) UseaCAS and the sine integral form obtained in part (b) 
to graph F(x) on the interval [—3, 3] for b = 4, 6, and 15. 
Then graph F,(x) for larger values of b > 0. 


15.4 Fourier Transforms 


INTRODUCTION Up to now we have studied and used only one integral transform: the 
Laplace transform. But in Section 15.3 we saw that the Fourier integral had three alternative 
forms: the cosine integral, the sine integral, and the complex or exponential form. In the present 
section we shall take these three forms of the Fourier integral and develop them into three new 
integral transforms naturally called Fourier transforms. In addition, we shall expand on the 
concept of a transform pair, that is, an integral transform and its inverse. We shall also see that 
the inverse of an integral transform is itself another integral transform. 


Hi Transform Pairs The Laplace transform F(s) of a function f(f) is defined by an integral, 
but up to now we have been using the symbolic representation f(t) = L~'{ F(s)} to denote the 
inverse Laplace transform of F(s). Actually, the inverse Laplace transform is also an integral 
transform. If 


L{[f(O} = | e “f(t) dt = F(s), (1) 
(0) 
then the inverse Laplace transform is 
y + ico 
LU F(s)} = =| e"F(s) ds = f(t). (2) 
277i Jy — ico 


The last integral is called a contour integral; its evaluation requires the use of complex variables 
and is beyond the scope of this discussion. The point here is this: Integral transforms appear in 
transform pairs. If f(x) is transformed into F(q@) by an integral transform 

b 


F(a) = | f(x) K(a, x) dx, (3) 


then the function f can be recovered by another integral transform 
b 
fl = | F(a) H(a, x) da, (4) 
called the inverse transform. The functions K and H in the integrands of (3) and (4) are called 
the kernels of their respective transforms. We identify K(s, t) = e “as the kernel of the Laplace 
transform and H(s, t) = e'/27i as the kernel of the inverse Laplace transform. 
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]| Fourier Transform Pairs The Fourier integral is the source of three new integral trans- 
forms. From (8) and (9), (10) and (11), and (18) and (19) of the preceding section, we are prompted 
to define the following Fourier transform pairs. 


Definition 15.4.1 Fourier Transform Pairs 


(i) Fourier transform: FLf)} = | Hee ake = JA@) (5) 
Inverse Fourier transform: FY F(a)} = =| F(aje'* da = f(x) (6) 
(ii) Fourier sine transform: F{f@)} = | f(x)sin ax dx = F(a) (7) 
0 
Inverse Fourier 2 [2 
sine transform: F,'{F(a)} = Al F(q)sin ax da = f(x) (8) 
0 
(iii) Fourier cosine transform: FASO} = | f(x)cos ax dx = F(a) (9) 
0 
Inverse Fourier 4 [% 
cosine transform: F.'{F(a)} = 2 | F(a) cos ax da = f(x) (10) 
0 


Hi Existence The conditions under which (5), (7), and (9) exist are more stringent than those 
for the Laplace transform. For example, you should verify that ¥{1}, #,{1}, and #.{1} do not 
exist. Sufficient conditions for existence are that f be absolutely integrable on the appropriate 
interval and that fand f’ be piecewise continuous on every finite interval. 


I Operational Properties Since our immediate goal is to apply these new transforms to 
boundary-value problems, we need to examine the transforms of derivatives. 


I| Fourier Transform Suppose that fis continuous and absolutely integrable on the inter- 
val (—oo, co) and f’ is piecewise continuous on every finite interval. If f(x) > 0 as x > +o, then 
integration by parts gives 


F{ fo} -| F'@e™ dx 


(ove) 


= faye] _ ia| f(xyel dx 


= ia foe dx; 
that is, #F{f'(x)} = —iaF(a). (11) 


Similarly, under the added assumptions that f’ is continuous on (—oco, 00), f"(x) is piecewise 
continuous on every finite interval, and f’(x) > 0 as x > +00, we have 


F{f"a)} = (~ia)’ F{ f@)} = —a° F(a). (12) 
In general, under conditions analogous to those leading to (12), we have 
F{ f(X)} = (~ia)" F{fO)} = (-ia)"F(a), 


where n = 0, 1, 2,.... 
It is important to be aware that the sine and cosine transforms are not suitable for transforming 
the first derivative (or, for that matter, any derivative of odd order). It is readily shown that 


FAL CO} = —aF {fa} and F#.{f'x)} = aF {f(x} — fO). 
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These assumptions are 
sometimes used during the 
actual solution process. See 
Problems 13, 14, and 26 in 
Exercises 15.4. 


The difficulty is apparent; the transform of f’(x) is not expressed in terms of the original integral 
transform. 


[| Fourier Sine Transform Suppose that fandf’ are continuous, fis absolutely integrable 
on the interval [0, oo), and f” is piecewise continuous on every finite interval. If f— 0 and f’ > 0 
as x > oo, then 


foe) 


FAL"()} = | f"(x)sin ax dx 


0 


lo) 


f'(x)sin ax| = «| f(x) cos ax dx 
0 


0 


al fe) cos ax e + a| f(x) sin ax ax 
0 0 


af(0) — ek Ff; 
that is, F {f"(x)} = —a?F(a) + of (0). (13) 


Hi Fourier Cosine Transform Under the same assumptions that lead to (9), we find the 
Fourier cosine transform of f(x) to be 


FAs @) =-« ha) — 7 oO. (14) 


The nature of the transform properties (12), (13), and (14) indicate, in contrast to the Laplace 
transform, that Fourier transforms are suitable for problems in which the spatial variable x (or y) 
is defined on an infinite or semi-infinite interval. But a natural question then arises: 


How do we know which transform to use on a given boundary-value problem? 


Clearly, to use the Fourier transform (5), the domain of the variable to eliminate must be 
(—©o, 00). To utilize a sine or cosine transform, the domain of at least one of the spatial variables 
in the problem must be [0, 00). However, the determining factor in choosing between the sine 
transform (7) and the cosine transform (9) is the type of boundary condition specified at x = 0 
(or y = 0), that is, whether uw or its first partial derivative is given at this boundary. 

In solving boundary-value problems using integral transforms most solutions are formal. 
In the language of mathematics, this means assumptions about the solution uw and its partial 
derivatives go unstated. But one assumption should be kept in the back of your mind. In the 
examples that follow, it will be assumed without further mention that u and du/dx (or du/dy) 
approach 0 as x — +00 (or y > +00). These are not major restrictions since these conditions 
hold in most applications. 


| EXAMPLE1 | Using the Fourier Transform 


au ou 

Solve the heat equation k oat = a <x < oo, t > 0, subject to 
x 

Uo, |x| < 1, 


u(x, 0) = f(x) where f@ = : | > 1. 


SOLUTION The problem can be interpreted as finding the temperature u(x, f) in an infinite 
rod. Because the domain of x is the infinite interval (—©c°, 00) we use the Fourier transform 
(5) and define the transform of u(x, f) to be 


F{ucx, t)} = | u(x, the’ dx = U(a, ft). 


If we write 


aru ou d dU 
ge —— § — t d Fey — > = — Ge t)} = — 
ea a fea Ge ae 
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FIGURE 15.4.1 Initial temperature f 
in Example 1 


then the Fourier transform of the partial differential equation, 


ou Ou 
Ox ot 


becomes the ordinary differential equation 


dU dU 
—ke? U(a, t) = — — + ka?’U(a, t) = 0. 
a’ U(a, t) it or at a’ U(a, t) 
Solving the last equation by the method of Section 2.3 gives U(a, t) = ce “et The initial 
temperature u(x, 0) = f(x) in the rod is shown in FIGURE 15.4.1 and its Fourier transform is 


love) 


1 ie ia 
Flux, 0)} = Ula, 0) = | fe dx = | upe™ dx = ty = 
oo -1 
By Euler’s formula 
e = cosa + isina 
e“ = cosa — isina. 
ee 
Subtracting these two results and solving for sina gives sina = sn Hence we can 


sin @ : . ve 
at Applying this condition 


rewrite the transform of the initial condition as U(a, 0) = 2u9 


sin @ 


to the solution U(a, t) = ce ane gives U(a, 0) = c = 2uy and so 


sin a 


—ke’t 


U(a, t) = 2up e 


It then follows from the inverse Fourier transform (6) that 


CoO . 
= Uo sin @ —ka?t ,—iax 
u(x, t) = aoe e “da. 
—cw 


jax 


This integral can be simplified somewhat by using Euler’s formula again as e~ 
cos ax — sin ax and noting that 


SINQ _,4 . 

—e sin ax da = 0 

a 
—co 


because the integrand is an odd function of a. Hence we finally have the solution 


u(x, t) = — eo dey. (15) 


[oe) 7 
u | sin a cos ax 
a 
[o.¢) 


It is left to the reader to show that the solution (15) in Example | can be expressed in terms 
of the error function. See Problem 23 in Exercises 15.4. 


| EXAMPLE2 | Two Useful Fourier Transforms 


It is a straightforward exercise in integration by parts to show that Fourier sine and cosine 
transforms of f(x) = e x >0,b > 0, are, in turn, 


Fe =bx). — BR os dx = abs ; 16 

Ae ooh | e~”* sin ax dx P+ ee (16) 
~ b 

F fe Po = noe ax = —— >. 17 

fe} | e cos ax dx +e (17) 


Another way to quickly obtain (and remember) these two results is to identify the two integrals 
with the more familiar Laplace transform in (2) of Section 4.1. With the symbols x, b, and 
a playing the part of t, s, and k, respectively, it follows that (16) and (17) are identical to (d) 
and (e) in Theorem 4.1.1. = 
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| EXAMPLE3 | Using the Cosine Transform 


The steady-state temperature in a semi-infinite plate is determined from 


ru ru 

sz +z =0, O<x<7, y>O 
Ox oy 

u(0,y) = 0, u(7,y) =e, y>O 


Ou 
— =0, O0O<x< 7. 
y=0 


dy 
Solve for u(x, y). 


SOLUTION The domain of the variable y and the prescribed condition at y = 0 indicate that 
the Fourier cosine transform is suitable for the problem. We define 


F {ulx, y)} = | u(x, y) cos ay dy = U(x, a). 


0 


a 7 
In view of (14), r4 s} % x4} = F{0} 
Ox oy 


becomes 


d°?U d’U 


De — a’U(x, a) — uy(x, 0) = 0 or ae —a’U =0. 


Since the domain of x is a finite interval, we choose to write the solution of the ordinary 
differential equation as 


(18) 


U(x, @) = c, cosh ax + cz sinh ax. 


Now #,{u(O, y)} = # {0} and #.{u(z, y)} = F,.{e >} are in turn equivalent to 


U(O, a) = 0 and U(r, a) = (19) 


1+ a 
Note that the value U(7, a) in (19) is (17) of Example 2 with b = 1. When we apply the two 


conditions in (19) to the solution (18) we obtain c, = 0 and c, = 1/[(1 + @”) sinh a]. Therefore, 


sinh ax 


U % = > 
ae ae ee es 


and so from (10) we arrive at 


2 [o) 
way = =| 
0 


Had u(x, 0) been given in Example 3 rather than u,(x, 0), then the sine transform would have 


sinh ax 


(1 + a’) sinh aw 


cos ay da. (20) = 


been appropriate. 


| 15.4 | Exercises Answers to selected odd-numbered problems begin on page ANS-36. 


In Problems 1—18 and 24—26, use an appropriate Fourier 
transform to solve the given boundary-value problem. Make 


assumptions about boundedness where necessary. 


au Ou 
=—,-o<x<w,t>d0 


1. k—= 
ax at 


u(x, 0) =e", —0c0 <x <co 
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ou Ou 
9 =p ~O< x <. 00, 1 > 0 
Ox ot 
0, x<-l 
100, -l<x<0O 
u(x, 0) = = 
100, O< x <1 
0, x>1 
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10. 


11. 


12. 


13. 


14. 


15. 


. Use the result | 


. Find the temperature u(x, f) ina semi-infinite rod if u(0, t) = uo, 


t > 0 and u(x, 0) = 0, x > 0. 


sin ax 


7 
da = 3° x > 0, to show that the 

0 

solution in Problem 3 can be written as 


u(x, t) = Ug — e Ft day, 


2uy {~ sinax 
a 


T Jo 


. Find the temperature u(x, ft) in a semi-infinite rod if u(0, t) = 0, 


t > 0, and 


1 O0<x<l 


uD) A ee 


. Solve Problem 3 if the condition at the left boundary is 


. Solve Problem 5 if the end x = 0 is insulated. 


. Find the temperature u(x, f) in a semi-infinite rod if u(0, ft) = 1, 


t > 0, and u(x, 0) =e *,x > 0. 


au Ou 
 @) 2, =. =< eo, 20 
Ox ot 
Uu 
u(x, 0) = f(x), = g(x), -co <x< 
dt |;=0 


(b) If g(x) = 0, show that the solution of part (a) can be written 
as u(x, t) = SL f(x + at) + f(x — at)). 
Find the displacement u(x, f) of a semi-infinite string if 


u(0,t) =0, t>0 


ou 


x 


u(x, 0) = xe’, 


=0,x>0. 
t=0 


Solve the problem in Example 3 if the boundary conditions 
at x = O and x = 7 are reversed: 

uO,y)=e°, u(7,y)=0,y>0. 
Solve the problem in Example 3 if the boundary condition at 
y= 0isu(x,0)=1,0<x<7. 
Find the steady-state temperature u(x, y) in a plate defined by 
x = 0, y = Oif the boundary x = 0 is insulated and, at y = 0, 


50, O<x< 1 


u(x, 0) = {x — 


Solve Problem 13 if the boundary condition at x = 0 is 
u(O, y) = 0, y > 0. 


ru ou 

sz +7 =0,x>0,0<y<2 
Ox oy~ 

uO, y)=0, O<y<2 

u(x, 0) = f(x), u(x, 2)=0, x>0 


ou ou 


16. {+ =0,0<x<a7,y>0 


ax? ay” 

Ou 

ox i OF 
te) 
Se) anh GS eae 
dy vy=0 


In Problems 17 and 18, find the steady-state temperature u(x, y) 
in the plate given in the figure. [Hint: One way of proceeding is 
to express Problems 17 and 18 as two and three boundary-value 


problems, respectively. Use the superposition principle (see 
Section 13.5).] 


17. y 


u=e 


18. 


FIGURE 15.4.3 Semi-infinite plate in Problem 18 


19. Use the result #{e*/4"} = 2V ape? to solve the 


boundary-value problem 


au Ou 
a Fp To <x< mw, t>0 
Ox ot 


u(x, 0) = e*, —o <x < oo. 


20. If ¥{ f(x)} = F(a) and ¥ {g(x)} = G(a), then the convolution 


theorem for the Fourier transform is given by 


| f(t)g(x — 1) dr = F'{F(a)G(a)}. 


Use this result and the transform ¥{e~*/4”} given in 
Problem 19 to show that a solution of the boundary-value 


problem 
au ou 
5 Ea Hw <x<w, 1 >0 
Ox” ot 
u(x, 0) = f(x), —0o <x < oo 
is ej 2— | . Frye oO dr 
2 V kart J-co 
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21. 


22. 


— 100) a 
is = arctan _ arctan 
u(x, y = , a Cc 


Use the transform ¥ {e~*/*”} given in Problem 19 to find the 
steady-state temperature u(x, y) in the infinite strip shown in 
FIGURE 15.4.4. 


insulated 


FIGURE 15.4.4 Infinite plate in Problem 21 


The solution of Problem 14 can be integrated. Use entries 46 
and 47 of the table in Appendix III to show that 


1 or | 
= arctan i 
2 y 


23. Use Problem 20, the change of variables v = (x — 7)/2Vkt, 


24. 


S< 


and Problem 11 in Exercises 15.1 to show that the solution 
of Example | can be expressed as 


Ug x+1 Pate | 
u(x, t) = “ et( ) - ect( )} 
2b \2Vie 2V kt 
Find the steady-state temperature u(r, z) in a semi-infinite 
cylinder described by the boundary-value problem 


ou lou au 
5 x = 0; O0<r<l1, z>0 
or ror Oz 
u(1, z) = 0, z>0 
u(r, 0) = uo, O0<r<l. 


[Hint: Use the integral in Problem 4 and the parametric form 
of the modified Bessel equation on page 283.] 


25. Find the steady-state temperature u(r, z) in the semi-infinite 


26. 


cylinder in Problem 24 if the base of the cylinder is insulated and 
Ug; 0<z<l 
1z= 

ul, z) e g> 1. 
Find the steady-state temperature u(x, y) in the infinite plate 
defined by —co < x < ~w, y > O if the boundary condition 
at y = Ois 
Up, |x| <1 


cr te |x| > 1. 


[Hint: Consider the two cases a > 0 anda < 0 when you 
solve the resulting ordinary differential equation. ] 


Computer Lab Assignment 


21. 


Assume uy = 100 and k = | in the solution of Problem 23. 
Use a CAS to graph u(x, t) over the rectangular region 
—4<=x=4,0<=t<6. Usea 2D plot to superimpose the 
graphs of u(x, f) for t = 0.05, 0.125, 0.5, 1, 2, 4, 6, and 15 for 
—4 =x <4. Use the graphs to conjecture the values of 
lim,_,,,u(x, ft) and lim,_,,,u(x, 1). Then prove these results 


analytically using the properties of erf (x). 


Discussion Problem 


28. (a) Suppose 


| F(x) cos ax dx = F(a), 
0 


where 


ray = {)% 
7 0, we 4; 


Find f(a). 
(b) Use part (a) to show that 


co . 2 
sin x T 
dx = —. 
0 XxX 2 


Fast Fourier Transform 


f(xT) 


FIGURE 15.5.1 Sampling of a continuous 
function 


788 | 


INTRODUCTION Consider a function f that is defined and continuous on the interval [0, 2p]. 


If X, X}, X2,.--, Xp»-.. are equally spaced points in the interval, then the corresponding function 
values fo, fi, fi, ---»f,.--. Shown in FIGURE 15.5.1 are said to represent a discrete sampling of the 
function f. The notion of discrete samplings of a function is important in the analysis of continu- 
ous signals. 

In this section, the complex or exponential form of a Fourier series plays an important role in 
the discussion. A review of Section 12.4 is recommended. 


]|| Discrete Fourier Transform Consider a function f defined on the interval [0, 2p]. From 
(11) of Section 12.4 we saw that fcan be written in a complex Fourier series, 


for) a 1 2p ; 
fx) = > ce® where c, = =| fe da, (1) 
P Jo 


n=—ow 
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where the w = 277/2p = zr/p is the fundamental angular frequency and 2p is the fundamental 
period. In the discrete case, however, the input is fo, f, f:, ..., which are the values of the function f 
at equally spaced points x = nT, n = 0, 1, 2,.... The number T is called the sampling rate or 
the length of the sampling interval.* If fis continuous at T, then the sample of f at T is defined 
to be the product f(x)6(x — T), where 6(x — T) is the Dirac delta function (see Section 4.5). We 
can then represent this discrete version of f, or discrete signal, as the sum of unit impulses acting 
on the function at x = nT: 


oe) 


> f@)d@ — nT). (2) 


n>=—oo 


If we apply the Fourier transform to the discrete signal (2), we have 


| ys f(x) b(x — nT)e'™ dx. (3) 


—oo N=—Co 


By the sifting property of the Dirac delta function (see the Remarks at the end of Section 4.5), 
(3) is the same as 


F(a) = 3 f(nTye'"". (4) 


n=—oo 


The expression F(q) in (4) is called the discrete Fourier transform (DFT) of the function f 
We often write the coefficients f(nT) in (4) as f(n) or f,,. It is also worth noting that since e' is 
periodic in a and e'@? = eT?” = @l(@*27'DT We only need to consider the function for a in 
[0, 277/T]. Let N = 27/T. This places x in the interval [0, 277]. So, because we sample over one 
period, the sum in (4) is actually finite. 

Now consider the function values f(x) at N equally spaced points, x = nT,n = 0, 1, 2,..., 
N — 1, in the interval [0, 27r]; that is, fo, fi, fo, .-., fy-1. The (finite) discrete Fourier series 
f(x) = >__..c,e’" using these N terms gives us 


fp = Cy + cet? + cel? + + + cy_je' DO 

7 F Sayed 
hi 6; + een + cent AE Poss + cy_e2 1)a/N 
fh = Cp + een’ + ce87N eben + Cyrene Ve 
tea = Gy + gee ee + ON a ie fe sae oh Cyage  ™. 


. QT _ 249 : 
If we let w, = e?””" = cos + i sin—— and use the usual laws of exponents, this system of 
eae n n 
equations is the same as 


fo=otc +o) +° + Cy-4 
= 2 N-1 

fi = Cy + coy + CoWy Ft + cy_,o% 

fr = Cy + c@% + cywh, to + Cy_ on (5) 

Fyv-1 = Co + Cin + coo) Ae aes, ae ee mee 


*Note that the symbol T used here does not have the same meaning as in Section 12.4. 
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If we use matrix notation (see Sections 8.1 and 8.2), then (5) is 


to 1 1 1 eae 1 Co 
2 N-1 
fi 1 On ON ON Cy 
fh |=tl1 wy wy ae) co |. (6) 
N-1 AN-1) (N-1) 
tw-1 1 ow ON On Cn-1 


Let the N X N matrix in (6) be denoted by the symbol Fy. Given the inputs fo, fi, fo, .--,fy—1, 1S 
there an easy way to find the Fourier coefficients co, C), C2,..., Cy—,? If F , is the matrix consist- 
ing of the complex conjugates of the entries of F, and if I denotes the N X N identity matrix, 
then we have 


_ _ i 
FyFy = FyFy = NI and so EF, = ra 


It follows from (6) and the last equation that 


Co fo 

Cy 1. fi 

1) = win h 
Cn-1 tn-1 


I Discrete Transform Pair Recall from Section 15.4 that in the Fourier transform pair 
we use a function f(x) as input and compute the coefficients that give the amplitude for each 
frequency k (c; in the case of periodic functions of period 277) or we compute the coefficients 
that give the amplitude for each frequency a (F(q) in the case of nonperiodic functions). 

Also, given these frequencies and coefficients, we could reconstruct the original function f(x). 
In the discrete case, we use a sample of N values of the function f(x) as input and compute the 
coefficients that give the amplitude for each sampled frequency. Given these frequencies and 
coefficients, it is possible to reconstruct the n sampled values of f(x). The transform pair, the 
discrete Fourier transform pair, is given by 


1 


c=—F,f d f=Fye 7 
nN an N (7) 
Co fo 
Cy fi 
where c= Co and f= hh 
Cn-1 tn-1 


| EXAMPLE1 | Discrete Fourier Transform 


Let N = 4 so that the input is fo, fi, fi, fj at the four points x = 0, 7/2, 7, 3727/2. Since 
w, =e”? = cos(m/2) + isin (7/2) = i, the matrix F, is 


| es | 
ie! f <i = 
on | 1 -1 
i =f =i i 


Hence from (7), the Fourier coefficients are given by ¢ = } F,f: 


Cy i «££ &@ w2Vye 
c | _1f1 -i -1 Gilly 
a} a2 =i 1% =r Ne 
C3 i 2 =h =e Ve 
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IF@)| 
3¢@ 


2.5 5 


2H 


1.55 


So 
Nn 
i 
ee 
Nn 
Ne 
i) 
Nn 


FIGURE 15.5.2 Graph of IF(@)l in 
Example | 


If we let fo, fi, fo, 3 be 0, 2, 4, 6, respectively, we find from the preceding matrix product that 


Co 3 

Cy Set 
c= — 

Cy —1 

C3 =) = 


Note that we obtain the same result using (4); that is, F(a) = x _of (nT)e", with T = 7/2, 
a = 0, 1, 2, 3. The graphs of Ic, |, n = 0, 1, 2, 3, or equivalently IF(a@)| for a = 0, 1, 2, 3, are 
given in FIGURE 15.5.2. = 


Finding the coefficients involves multiplying by matrices F,, and F,,. Because of the nature of 
these matrices, these multiplications can be done in a very computationally efficient manner, 
using the Fast Fourier Transform (FFT), which is discussed later in this section. 


[| Heat Equation and Discrete Fourier Series If the function f in the initial-value 
problem 


ru Ou 
a HET Toa <x<mw, t>0 


u(x, 0) = f(x), -—co <x <oco 


is periodic with period 277, the solution can be written in terms of a Fourier series for f(x). We 
can also approximate this solution with a finite sum 
n-1 ; 
u(x, t) = > c(tye™. 


k=0 


If we examine both sides of the one-dimensional heat equation in (8), we see that 


au n-1 de; : 
—_— = — elk 
au n—-1 i. 
and k— = kDdie(nijyre™, 
Ox j=0 
2. ix 
: e° 2 ix 
sincé-—__,. =~ yye. 
ie (ij) 


Equating these last two expressions, we have the first-order DE 


dc; 7 
= -kj’c(t) with solution c(t) = ¢(0)e™". 

The final task is to find the values c,(0). However, recall that u(x, 1) = yc (the! and 
u(x, 0) = f(x), so c(O) are the coefficients of the discrete Fourier series of f(x). Compare this 


with Section 13.3. 


[| Heat Equation and Discrete Fourier Transform The initial-value problem (8) 
can be interpreted as the mathematical model for the temperature u(x, f) in an infinitely long bar. 
In Section 15.4 we saw that we can solve (8) using the Fourier transform and that the solution 
u(x, t) depends on the Fourier transform F(a) of f(x) (see pages 784-785). We can approximate 
F(a) by taking a different look at the discrete Fourier transform. 
First we approximate values of the transform by discretizing the integral ¥ { f(x)} = F(a) = 
°° f(x) e"* dx. Consider an interval [a, b]. Let f(x) be given at n equally spaced points 
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Now approximate: 


n-1 


b- : 
Fa) ~ —* > fone 
j=0 


| 
> 
| 
Q 
= 
Mi 
SY 
a 
Q 
+ 
| 
g 
Ley 
So 
O 
& 


ll 
> 
hax 
8 
M: 
SY 
oN 
S 
+ 


277. 
If we now choose a convenient value for a, say b 


r( anit) b-a | a 7—*,) ; 2mjM 
= e@ b-a ier 4 


=0 


b-a _2aMa 21 b-a ; 
= e' b-a Sf at jjo™, 
n n 


j=0 


with M an integer, we have 


where, recall that w, =e”. This is a numerical approximation to the Fourier transform of f(x) 


: 27M 
evaluated at points 
b-a 


with M an integer. 


| EXAMPLE2 | Example 1, Section 15.4—Revisited 


Recall from Example | in Section 15.4 (with uy = 1) that the Fourier transform of a rectangular 
pulse defined by 


om 1 jx] < 1 
Yo, jx > 
2sina@ 


is F(a) = 


The frequency spectrum is the graph of IF(a@)| versus @ given in FIGURE 15.5.3(a). Using n = 16 
equally spaced points between a = —2 and b = 2, and M running from —6 to 6, we get the 
discrete Fourier transform of f(x), superimposed over the graph of IF(q)l, in Figure 15.5.3(b). 


IF@| IF@| 


FIGURE 15.5.3 In Example 2 (a) is the graph of IF(a)|; (b) is the discrete Fourier 
transform of f 


Il Aliasing A problem known as aliasing may appear whenever one is sampling data at 
equally spaced intervals. If you have ever seen a motion picture where rotating wheels appear to 
be rotating slowly (or even backwards!), you have experienced aliasing. The wheels may rotate 
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ve [20on|Trace|ReGraph]athborau)~ 7] 


VAANAAR AMA) | 
VU A 


(a) y = sin 207 x; x range: [0, 1]; y range: [-1, 1] (b) y = sin 1007 x; x range: [0, 1]; y range: [-1, 1] 


Zoon}trace]Resraph|tath|orauly [i | 


a yi 
| WI 


FIGURE 15.5.4 TI-92 


2 


(a) y = sin 207 x; x range: [0, 1]; y range: [-1, 1] (b) y= sin 1007 x; x range: [0, 1]; y range: [-1, 1] 


FIGURE 15.5.5 TI-83 


at a high rate, but because the frames in a motion picture are “sampled” at equally spaced inter- 
vals, we see a low rate of rotation. 

Graphing calculators also suffer from aliasing due to the way they sample points to create 
graphs. For example, plot the trigonometric function y = sin 207 with frequency 10 on a Texas 
Instruments TI-92 and you get the nice graph in FIGURE 15.5.4(a). At higher frequencies, say 
y = sin 1007x with frequency 50, you get the correct amount of cycles, but the amplitudes of 
the graph in Figure 15.5.4(b) are clearly not 1. 

On acalculator such as the Texas Instruments TI-83, the graphs in FIGURE 15.5.5 show aliasing 
much more clearly. 

The problem lies in the fact that e?”"' = cos 2nm + isin 2na = 1 for all integer values of n. 
The discrete Fourier series cannot distinguish e’”* from 1 as these functions are equal at sampled 
points x = 2k7r/n. The higher frequency is seen as the lower one. Consider the functions cos (77/2) 
and cos (77/2). If we sample at the points n = 0, 1, 2,..., these two functions appear the same, 
the lower frequency is assumed, and the amplitudes (Fourier coefficients) associated with the 
higher frequencies are added in with the amplitude of the low frequency. If these Fourier coef- 
ficients at large frequencies are small, however, we do not have a big problem. In the Sampling 
Theorem below, we will see what can take care of this problem. 


Hl Signal Processing Beyond solving PDEs as we have done earlier, the ideas of this sec- 
tion are useful in signal processing. Consider the functions we have been dealing with as signals 
from a source. We would like to reconstruct a signal transmitted by sampling it at discrete points. 
The problem of calculating an infinite number of Fourier coefficients and summing an infinite 
series to reconstruct a signal (function) is not practical. A finite sum could be a decent approxi- 
mation, but certain signals can be reconstructed by a finite number of samples. 


Theorem 15.5.1 Sampling Theorem 


If a signal f(x) is band-limited; that is, if the range of frequencies of the signal lie in a band 
—A <k <A, then the signal can be reconstructed by sampling two times for every cycle of 
the highest frequency present; in fact, 


fo) = S (=) sin (Ax — n7r) 


ae Aye = iftar 
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To justify Theorem 15.5.1, consider the Fourier transform F(q) of f(x) as a periodic extension 
so that F(q@) is defined for all values of a, not just those in —A < k < A. Using the Fourier trans- 
form, we have 


F(a) = | f(x! dx (9) 
1 (* - i. fe 2 
f(x) = | F(aje'* da = | F(a)e '“ da. (10) 
277 J o0 27 J_4 


Treating F(q@) as a periodic extension, the Fourier series for F(a) is 


F(a) = > Cyl inara/A (1 1 ) 
1 A 
where Cy = aT [ F(aje "7/4 da. (12) 


Using (10), note that 


7 (ni a 1 [4 Sef 
F = F(aje intra/, da, 
A’\A Ada}, 


which by (12) is equal to c,. Substituting c, = i (7) into (11) yields 


oe) 


F(a) = >» 7 (22) cm, 


n>=—oo 


Substituting this expression for F(a) back into (10), we have 


1 (4 S ag (nar\ . 
= — oes, a" |) pinta/A ) ,—iax 
FO) Om I, Oeics. )e os 


I, nw\ (*_ og 
= — > fi — entre e 1ax da 
2A nO A =A 


[oe) A nT 
= + SA) [ da ~*) da 
1 = nr 1 iw(2= — x) ial 2% — 
-7 3) (® ye ) e (4 )) 
bY er N 
A 
= es Sy (=) — 2isin(nm — Ax) 


<< ni \ sin(na — Ax) 
=> sf =) 


Pamnits na — Ax 
7 S (=) sin (Ax — ni) 
foe NA Ax — nt ~ 
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Note that we used, in succession, an interchange of summation and integration (not always 


10 —i0 
allowed, but is acceptable here), integration of an exponential function, sin 8 = cee a and 
the fact that sin(—0) = —sin 0. 2i 

So, from samples at intervals of 7 /A, all values of fcan be reconstructed. Note that if we 
allow e’“* (in other words, we allow k = A), then the Sampling Theorem will fail. If, for 
example, f(x) = sin Ax, then all samples will be 0 and f cannot be reconstructed, as aliasing 


appears again. 


[| Band-Limited Signals A signal that contains many frequencies can be filtered so that 
only frequencies in an interval survive, and it becomes a band-limited signal. Consider the signal 
f(x). Multiply the Fourier transform F(q) of fby a function G(q) that is | on the interval contain- 
ing the frequencies a you wish to keep, and 0 elsewhere. This multiplication of two Fourier 
transforms in the frequency domain is a convolution of f(x) and g(x) in the time domain. Recall 
that Problem 20 in Exercises 15.4 states that 


F'{F(a)G(a)} = | Sr) g(x — 7) dr. 


The integral on the right-hand side is called the convolution of f and g and is written f*g. The 
last statement can be written more compactly as 


F{ f*g} = F(a)G(a). 


sin Ax 


The analogous idea for Laplace transforms is in Section 4.4. The function g(x) = has as 


: : TX 
its Fourier transform the pulse function 


Gla) = a -A<a<A 
is 0, elsewhere. 


This implies that the function ( f*g)(x) is band-limited, with frequencies between —A 
and A. 


Hi Computing with the Fast Fourier Transform Return to the discrete Fourier trans- 
form of f(x), where we have f sampled at n equally spaced points a distance of T apart, namely, 
0, T, 2T, 3T, ..., (nm — 1)T- (We used T = 7/m at the beginning of this section.) Substituting this, 
the discrete Fourier transform 


277M b—a_ ,2mMa"—! b-a : 
= ty—4 s . JM 
AG = ‘) a (a . n i) e 


j=0 


2Qark 


n-1 
becomes (228) = TD fUiT)ot, k= 0,1,2,...,2 - 1. 
a 0 


For simplicity of notation, write this instead as 


n-1 


c= > fot, k=0,1,2,...,n- 1. 
j=0 
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This should remind you of (6), where we had 


fy 1 ot 1 1 co 
n—I1 
fi 1 1 Oy, On Wn Cy 
_ 2 4 2(n— 1 
f 2 ~~ 1 QO, QW), @ aie Co ? 
n-1 An-1) (n—1) 
th =] 1 Dn, On, On Cn-1 


or f = Fc. The key to the FFT is properties of w, and matrix factorization. If n = 2%, we can 
write F,, in the following way (which we will not prove): 


Ly- “i ce 0 ) 
Fy = P 1 
: io —DwJ\ 0 Ew)’ (13) 


where I, is the k X k identity matrix and P is the permutation matrix that rearranges the matrix c 
so that the even subscripts are ordered on the top and the odd ones are ordered on the bottom. 
The matrix D is a diagonal matrix defined by 


Dy = (2) 


(oe) 


Note that each of the F,»-1 matrices can, in turn, be factored. In the end, the matrix F,, with nv 
nonzero entries is factored into the product of n simpler matrices at a great savings to the number 
of computations needed on the computer. 


| EXAMPLE3 | The FFT 


Let n = 2? = 4 and let F, be the matrix in Example 1: 


1 1 1 1 

r= 1 i —-l —i 
. 1 -l 1 -1 
1 —i —-l i 


i O31 OV/l FPO. O\f/1 6 6 4 
0 12°06 i =170- o1l0-0 1 @ 
Beg" | aettace ee eee a | ipa Lastuumeatane (14) 
io -1O}/(o0 Oj1 T}\o 1 @ 6 
0 1: 0 -i 0 Oil -1 000 1 
A B P 


We have inserted dashed lines in the matrices marked A and B so that you can identify the 
submatrices I,, D,, —D,, and F, by comparing (14) directly with (13). You are also encour- 


3 
; ne ; 5 

aged to multiply out the right side of (14) and verify that you get Fy. Now ife = 3 | then 
20 
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10 1 0\/1 +10 #O\ /1 00 0 
01 O ijf1 -1 0 o|}|f0 01 0 
Fye = 
10-1 of/fo o1 1/{0100 
01 oO -i/ \o o1 -1/ \o 0 0 1/ \20 
to 1 0\ /1 106 ® 3 
10 1 O i|f1 -1 0 0 8 
“110-1 oO;f]0 o1 1 5 
01 oO -i/ \o O01 -1 20 
i¢ 1 @ ll 36 
_)O 41 Oo 4 -5 |_| -5—15i|_, zs 
10-1 0 25 -14 = 
01 O -i -15 =§ 4 15] 


Without going into details, a computation of F,, requires n? computations, while 
using the matrix factorization (the FFT) means the number of computations is reduced 
to one proportional to n In n. Try a few larger values of n and you will see substantial 


savings. 
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1. Show that Fy! = 7F,. 
2. Prove the sifting property of the Dirac delta function: 


| SQ) 5 — a) dx = fa). 


[Hint: Consider the function 


a Ix —al|<e 
2e 


6.(% — a) = 0 


elsewhere. 


Use the mean value theorem for integrals and then let e — 0.] 

3. Find the Fourier transform of the Dirac delta function 6(x). 

4. Show that the Dirac delta function is the identity under the 
convolution operation; that is, show f*6 = 6*f = f. [Hint: 
Use Fourier transforms and Problem 3.] 

5. Show that the derivative of the Dirac delta function 6'(x — a) 
has the property that it sifts out the derivative of a function f 
at a. [Hint: Use integration by parts.] 

6. Use a CAS to show that the Fourier transform of the function 


sin Ax , : 
g(x) = is the pulse function 
WX 
ci = {* -A<a<A 
o 0, elsewhere. 


7. Write the matrix F, and then write it in factored form (13). 
Verify that the product of the factors is Fs. If instructed, use 
a CAS to verify the result. 

8 Let w, = e"" = cos (2a/n) + isin (27/n). Since e”™* = 1, 
the numbers ok, k =0, 1, 2,..., — 1, all have the property 
that (w*)" = |. Because of this, wk, k=0,1,2,...,n — 1, are 
called the nth roots of unity and are solutions of the equation 
z" — | = 0. Find the eighth roots of unity and plot them in the 
xy-plane where a complex number is written z = x + iy. What 
do you notice? 


Computer Lab Assignments 


9. Use aCAS to verify that the function f*g, where f(x) = gr 
in 2. 
and g(x) = a is band-limited. If your CAS can handle 


it, plot the graphs of ¥#{ f*g} and F(a)G(q@) to verify the 
result. 

If your CAS has a discrete Fourier transform command, choose 
any six points and compare the result obtained using this 


10. 


command with that obtained from ¢ = 4 Ff. 
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In Problems 1—20, solve the given boundary-value problem by ru ou _ 
an appropriate integral transform. Make assumptions about 9. ax2 ” ay =O, x > 0,y > 0 
boundedness where necessary. as { 0 Ope i 
u(0, y) = 
au ru : 0, ped 
1..§—, +757 =0,x% >0,0<y<a7 7 
ax" ay 100, O<x<1 
u(x, 0) = 
ou 0, x>1 
= =0,0<y<q7 
OX |.=9 2 
ou Ou 
au 0 + r=—.0<7<1,t>0 
u(x, 0) = 0, — =e*%,x>0 ax at 
OY |y=a 
. oF) 0, Whi 2 Oa SG 
ou ou ax = >» UU, > 
2.7 = —, 042 <1:7>0 . 
aa 0)=0, 0<x<1 
u(0, t) = 0, u(1,t) = 0, t>0 i aie 
= : au au 
u(x, 0) = 50 sin 27x, O<x< 1 11. 7+ 5=0,x>0,0<y<a 
Ox oy~ 
au Ou 
Be ac = ee er ae uO, y) =A, O<y<a7 
x 
Ou ou Ou : 
u(0, t) = 0, lim — = 0, t>0 = 0, = Be*,x>0 
x00 OX oy y=0 oy \y =a 
u(x, 0) =u, x>0 
12 ee at <1,1>0 
3 a2 rege a ee x : 
a SE = oH, -c00 < x < 00, t> 0 ax? at 
oo an u(0, 1) = Up, UCL, 1) = wo, > 0 
u(x, 0) = uj, —co< xX <0Oo u(x, 0) =0, 0<x<1 
; [Hint: Use the identity 
ou ou 
: axe at’ i lal sinh(x — y) = sinh x cosh y — cosh x sinh y, 
u(0, t) = t, lim u(x,t) = 0 and then use Problem 8 in Exercises 15.1.] 
= _ a ds au Ou 
u(x, 0) = 0, x > 0 [Hint: Use Theorem 4.4.2. ] 13. a = — =e <2< aw, €>0 
x 
(22 =! beeeiess 0 0 
a rer x ; x< 
axz at iy = { : x 
e*, x>0 
u(O, t) = 0, ud, =0, t>0 
4 au Ou 
aa | ee 14. ae ge ee 
Ou . 
vu au —_ = —50, lim u(x, t) = 100, t > 0 
ok 7 =>, -wo<x<w, t>0 OX |x=0 x00 
Ox ot 
7 = > 
0, +26 u(x, 0) = 100, x 0 
WOH tm, O2e2a 15. aac of the BVP 
0, «>a + =0, -w0 <x< 0, 0O<y<1 
Ox oy 
au au 
8 —, + 7 =0,0<x<7, y>0 ou 
ax oy a = 0, u(x, 1) = f(x), -—co <x <0 
© O2y<1 dY |y=0 
u(0,y) = 0, ua, y)= 41, L<y<2 oo poo 
. 1 cosh aycos a(t — x) 
0, y>2 is uxy)=— fi) dt da. 
T Jy Jooo cosha 
Ou 
—s =0,0<x<7 
OY |y=0 
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ou Ou 


16. 05—5 =—, x >0, t>0 
Ox 
Ou 
— =0, t>0 
OX}. =0 


17. 


18. 


19. 


ru Ou 
jg a 0<x<7a, t>0 


u(0,t) = 1, u7,th=1, t>O0 
u(x,0) = 1+ sin2x, 0O<x<7 


ru Ou 
p= 8 0, FS 0 
Ox t 


u(0, t) = 100[%U(t — 5) — Ut — 10)], t> 0 


lim u(x, tf) = 50, t > 0 


xX— 00 


u(x,0) = 50, x>0 


ou au 


+ —, = hu, hconstant,x >0,0O<y<a7 


ax? ay* 7 
uO,y)=0, O<y<qa7 
u(x, 0) = 0, u(x, 7) = fx), x>0 


20. 


21. 


22. 


au Ou 
7A Bu =0, A, Bconstants, x >0, t>0 
Ox ot 
-10 4, OU 
u(0,t) = ue", lim—=0, t>0 
x00 OX 


u(x, 0) = uy, x > 0 


Solve the boundary-value problem 


ou Ou 
—s=— x>0, t>0 
Ox ot 


ou ; 

| =-l, lmua,)=0, t>0 

Ox x=0 xX—00 

u(x,0) = 0, x >0 

using the Laplace transform. Give two different forms of the 

solution u(x, f). 

(a) Solve the BVP in Problem 21 using a Fourier transform. 

(b) Use a CAS to carry out an integration to show that the 
answer in part (a) is equivalent to one of the answers in 
Problem 21. 
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CHAPTER 


In Section 6.5, we saw that one 
way of approximating a solution 
of a second-order boundary-value 
problem was to work with a finite 
difference equation replacement 
of the linear ordinary differential 
equation. The difference equation 
was constructed by replacing the 
ordinary derivatives d’y/dx* and 
dy/dx by difference quotients. 
We will see in this chapter that 
the same idea carries over to 
boundary-value problems involving 


linear partial differential equations. 


Numerical Solutions 


of Partial 
Differential Equations 


CHAPTER CONTENTS 


16.1  Laplace’s Equation 
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16.3 Wave Equation 
Chapter 16 in Review 
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FIGURE 16.1.1 Planar region R with 
boundary C 
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(b) 


FIGURE 16.1.2 Region R overlaid with 
rectangular grid 


/16.1| Laplace's Equation 


INTRODUCTION Recall from Section 13.1 that linear second-order PDEs in two independent 
variables are classified as elliptic, parabolic, and hyperbolic. Roughly, elliptic PDEs involve 
partial derivatives with respect to spatial variables only and as a consequence solutions of such 
equations are determined by boundary conditions alone. Parabolic and hyperbolic equations involve 
partial derivatives with respect to both spatial and time variables, and so solutions of such equa- 
tions generally are determined from boundary and initial conditions. A solution of an elliptic PDE 
(such as Laplace’s equation) can describe a physical system whose state is in equilibrium (steady 
state), a solution of a parabolic PDE (such as the heat equation) can describe a diffusional state, 
whereas a hyperbolic PDE (such as the wave equation) can describe a vibrational state. 

In this section we begin our discussion with approximation methods appropriate for elliptic 
equations. Our focus will be on the simplest but probably the most important PDE of the elliptic 
type: Laplace’s equation. 


I| Difference Equation Replacement Suppose that we are seeking a solution u(x, y) 
of Laplace’s equation 


in a planar region R that is bounded by some curve C. See FIGURE 16.1.1. Analogous to (6) of 
Section 6.5, using the central differences 


u(x + h, y) — 2u(x, y) + u(x — h, y) and u(x, y + h) — 2u(x, y) + u(x, y — A), 


approximations for the second partial derivatives u,,. and u,, can be obtained using the difference 
quotients 


au 1 
an? pz Lute t+ hay) — 2u(a, y) + ue — h, yd] (1) 
2 
1 
sr pa li y + A) — Qube») + Ws y ~ BD] (2) 


Now by adding (1) and (2) we obtain a five-point approximation to the Laplacian: 


au ou 


1 
5 — ye Ue Dy) + u(x, y + h) + ux —h, y) + ux, y — h) — 4u(x, y)]. 


Ox 
Hence we can replace Laplace’s equation by the difference equation 
u(x + h, y) + u(x, y + h) + ux — hh, y) + u(x, y — h) — Aux, y) = 0. (3) 
If we adopt the notation u(x, y) = uj and 
ux + h, y) = Uist, jp ux, y + h) = uy, j41 
u(x — hy) = Uj-1, j> u(x, y — h) = Uj, j-1> 
then (3) becomes 


Uj+1, j ca Uj j+1 srpeqeac tr Uj j-1 


— 4u;; = 0. (4) 


To understand (4) a little better, suppose a rectangular grid consisting of horizontal lines spaced 
h units apart and vertical lines spaced h units apart is placed over the region R. The number / is 
called the mesh size. See FIGURE 16.1.2(a). The points P;; = P(ih, jh), i and j integers, of intersec- 
tion of the horizontal and vertical lines, are called mesh points or lattice points. A mesh point is 
an interior point if its four nearest neighboring mesh points are points of R. Points in R or on C 
that are not interior points are called boundary points. For example, in Figure 16.1.2(a) we have 


Poy = P(2h,0), Pi = P(A, h), Po = P(2h,h), Po. = P(2h, 2h), 
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FIGURE 16.1.3 Square region R for 
Example | 


and so on. Of the points listed, P,; and P3 are interior points, whereas P3,) and P,, are boundary 
points. In Figure 16.1.2(a) interior points are the dots shown in red and the boundary points are 
shown in black. Now from (4) we see that 


i-1, j + U; 


My = 4 [iar y + i jar + i,j-tl (5) 
and so, as shown in Figure 16.1.2(b), the value of wu, at an interior mesh point of F is the average 
of the values of wu at four neighboring mesh points. The neighboring points Pj, j, P;, j+1, Pi-1, j» 


and P; ;_; correspond, respectively, to the four points on a compass: E, N, W, and S. 


]| Dirichlet Problem Recall that in the Dirichlet problem for Laplace’s equation V7u = 0, 
the values of u(x, y) are prescribed on the boundary C of a region R. The basic idea is to find an 
approximate solution to Laplace’s equation at interior mesh points by replacing the partial dif- 
ferential equation at these points by the difference equation (4). Hence the approximate values 
of u at the mesh points—namely, the u;;—are related to each other and, possibly, to known values 
of u if a mesh point lies on the boundary C. In this manner we obtain a system of linear algebraic 
equations that we solve for the unknown u;,. The following example illustrates the method for a 
square region. 


| EXAMPLE1 | A Boundary-Value Problem Revisited 


In Problem 16 of Exercises 13.5 you were asked to solve the boundary-value problem 


ru ou 
ot a O0O<x<2, 0<y<2 
Ox ts) 


u(0, y) = 0, u2,y)=y2—y), O<y<2 


Xx, O0<x<l 
2-x, ls=x<2 


u(x, 0) = 0, u(x, 2) = { 


utilizing the superposition principle. To apply the present numerical method, let us start with a 
mesh size of h = 3. As we see in FIGURE 16.1.3, that choice yields four interior points and eight 
boundary points. The numbers listed next to the boundary points are the exact values of u obtained 
from the specified condition along that boundary. For example, at P;; = P(3h, h) = P(2, $) we 
have x = 2 and y = 3, and so the condition u(2, y) gives u(2, 3) = 3(2 — 3) = §. Similarly, at 
P,3 = P(3, 2), the condition u(x, 2) gives u($, 2) = 3. We now apply (4) at each interior point. 
For example, at P;, we have i = 1 andj = 1, so (4) becomes 


Ux, + Uy + Upy + Uy — 44, = 0. 


Since up; = u(0, 3) = Oand m9 = u(3, 0) = 0, the foregoing equation becomes —4u,; + u>, + uy) = 0. 
Repeating this, in turn, at P;,;, P;., and Py, we get three additional equations: 


—4u,, + uw, + uy =0 
— 4u,, + =-3 
uy U2) Ug 9 
. (6) 
uy — Ay, + Uy = —3 
14 
Up, + Uyy — 4g = —5- 


Using a computer algebra system to solve the system, we find the approximate temperatures 
at the four interior points to be 


uy, = — = 0.1944, Uy, = & = 0.4167, 


Uy = % = 0.3611, Ur = 7 = 0.5833. 
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FIGURE 16.1.4 Region R in Example | 
with additional mesh points 
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As in the discussion of ordinary differential equations, we expect that a smaller value of h 
will improve the accuracy of the approximation. However, using a smaller mesh size means, of 
course, that there are more interior mesh points, and correspondingly there is a much larger 
system of equations to be solved. For a square region whose length of side is L, a mesh size of 
h = LM will yield a total of (n — 1) interior mesh points. In Example 1, for n = 8, the mesh 


2 


size is a reasonable h = ; = 4, but the number of interior points is (8 — 1)? = 49. Thus we have 
49 equations in 49 unknowns. In the next example we use a mesh size of h = 5. 


| EXAMPLE2 | Example 1 with More Mesh Points 


As we see in FIGURE 16.1.4, with n = 4, a mesh size h = 7 = 4 for the square in Example | gives 


3? = 9 interior mesh points. Applying (4) at these points and using the indicated boundary 
conditions, we get nine equations in nine unknowns. So that you can verify the results, we 
give the system in an unsimplified form: 


Uy, tu + OF O- 4u,, =0 
U3, + Uy + uy, + O- 4u., =0 
2 + ug + uy, + 0 — 4u3, = 0 
Un, + Uy3 + uy, + O- 4u,. =0 
U3y + Ug3 + Uy + Ug, — 4Uy = 0 (7) 
1 + 33 + Uy + U3, — 43, = 0 
U3t 5+ OF uy —4uy,=0 
U3, + 1+ uy3 + Uy — 4.3, = 0 


+ 5 + U3 + U3) — 433 = 0. 


Bo 


In this case, a CAS yields 


ui, = | = 0.1094, Ur, = 34 = 0.2277, U3, = tae = 0.3951 
Un = 34 = 0.2098, Ur = #% = 0.4063, U3) = 32 = 0.6027 
U3 = Ge = 0.3237, U3 = s¢ = 0.5848, U33 = * = 0.6094. = 


After we simplify (7), it is interesting to note that the 9 X 9 matrix of coefficients is 


—4 1 0 1 0 0 0 0 0 
1 —-4 1 0 1 0 0 0 0 
0 1 —4 0 0 1 0 0 0 
1 0 0 —-4 1 0 1 0 0 
0 1 0 1 —4 1 0 1 0 (8) 
0 0 1 0 1 —4 0 0 1 
0 0 0 1 0 0 —-4 1 0 
0 0 0 0 1 0 1 —-4 1 
0 0 0 0 0 1 0 1 -4 


This is an example of a sparse matrix in that a large percentage of the entries are zeros. The 
matrix (8) is also an example of a banded matrix. These kinds of matrices are characterized by 
the properties that the entries on the main diagonal and on diagonals (or bands) parallel to the 
main diagonal are all nonzero. The bands shown in red in (8) are separated by diagonals consist- 
ing of all zeros or not. 
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[| Gauss-Seidel Iteration Problems requiring approximations to solutions of partial 
differential equations invariably lead to large systems of linear algebraic equations. It is not 
uncommon to have to solve systems involving hundreds of equations. Although a direct method 
of solution such as Gaussian elimination leaves unchanged the zero entries outside the bands 
in a matrix such as (8), it does fill in the positions between the bands with nonzeros. Since 
storing very large matrices uses up a large portion of computer memory, it is usual practice 
to solve a large system in an indirect manner. One popular indirect method is called Gauss— 
Seidel iteration. 

We shall illustrate this method for the system in (6). For the sake of simplicity we replace the 
double-subscripted variables u,), uy), Uy2, aNd Uy by x), Xz, X3, and x4, respectively. 


| EXAMPLE3 | Gauss-Seidel Iteration 


Step 1: Solve each equation for the variables on the main diagonal of the system. That is, 
in (6), solve the first equation for x,, the second equation for x,, and so on: 


PS od 0.25x> + 0.25x3 


X_ = 0.25x, + 0.25x, + 0.2222 


(9) 
x3 0.25x, + 0.25x4 + 0.1667 


x4 = 0.25x, + 0.25x; + 0.3889. 


These equations can be obtained directly by using (5) rather than (4) at the interior points. 


Step 2: /terations. We start by making an initial guess for the values of x,, x5, x3, and x,. If this 
were simply a system of linear equations and we knew nothing about the solution, we could 
start with x, = 0, x, = 0, x; = 0, x, = 0. But since the solution of (9) represents approxima- 
tions to a solution of a boundary-value problem, it would seem reasonable to use as the initial 
guess for the values of x, = uy), X) = Uy), X3 = Uyp, aNd X, = Uy, the average of all the bound- 
ary conditions. In this case the average of the numbers at the eight boundary points shown in 
Figure 16.1.2 is approximately 0.4. Thus our initial guess is x, = 0.4, x, = 0.4, x; = 0.4, and 
x4 = 0.4. Iterations of the Gauss—Seidel method use the x values as soon as they are computed. 
Note that the first equation in (9) depends only on x, and x;; thus substituting x, = 0.4 and 
x3 = 0.4 gives x, = 0.2. Since the second and third equations depend on x, and x,, we use the 
newly calculated values x, = 0.2 and x, = 0.4 to obtain x, = 0.3722 and x, = 0.3167. The 
fourth equation depends on x, and x3, so we use the new values x, = 0.3722 and x; = 0.3167 
to get x, = 0.5611. In summary, the first iteration has given the values 


x, =0.2, x) = 0.3722, x; = 0.3167, x, = 0.5611. 


Note how close these numbers are already to the actual values given at the end of Example 1. 

The second iteration starts with substituting x. = 0.3722 and x3; = 0.3167 into the first 
equation. This gives x, = 0.1722. From x, = 0.1722 and the last computed value of x, (namely, 
X4 = 0.5611), the second and third equations give, in turn, x. = 0.4055 and x; = 0.3500. 
Using these two values, we find from the fourth equation that x, = 0.5678. At the end of the 
second iteration we have 


x, = 0.1722, x, = 0.4055, x; = 0.3500, x, = 0.5678. 


The third through seventh iterations are summarized in Table 16.1.1. 


TABLE 16.1.1 Iteration 


3rd 4th Sth 6th 7th 
x 0.1889 0.1931 0.1941 0.1944 0.1944 
X 0.4139 0.4160 0.4165 0.4166 0.4166 
X3 0.3584 0.3605 0.3610 0.3611 0.3611 
x4 0.5820 0.5830 0.5833 0.5833 0.5833 
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Note. > 


To apply Gauss-Seidel iteration to a general system of n linear equations in n unknowns, the 
variable x; must actually appear in the ith equation of the system. Moreover, after each equation 
is solved for x;, i = 1, 2,..., n, the resulting system has the form X = AX + B, where all the 
entries on the main diagonal of A are zero. 


REMARKS 
rs (i) In the examples given in this section, the values of u;; were determined using known values 
y | of u at boundary points. But what do we do if the region is such that boundary points do not 
a coincide with the actual boundary C of the region R? In this case the required values can be 
1 Pry Poy Pai obtained by interpolation. 
yaz— 0g [ : (ii) It is sometimes possible to cut down the number of equations to solve by using symmetry. 
A ee x Consider the rectangular region defined by 0 = x = 2,0 = y S 1, shown in FIGURE 16.1.5. The 


boundary conditions are u = 0 along the boundaries x = 0, x = 2, y = 1, and u = 100 along 
y = 0. The region is symmetric about the lines x = 1 and y = 5, and the interior points P,, and 


FIGURE 16.1.5 Rectangular region R 
P., are equidistant from the neighboring boundary points at which the specified values of u are 
the same. Consequently we assume that u,; = u3,, and so the system of three equations in three 
unknowns reduces to two equations in two unknowns. See Problem 2 in Exercises 16.1. 

(iii) In the context of approximating a solution to Laplace’s equation, the iteration technique 
illustrated in Example 3 is often referred to as Liebman’s method. 

(iv) It may not be noticeable on a computer, but convergence of Gauss-Seidel iteration (or 
Liebman’s method) may not be particularly fast. Also, in a more general setting, Gauss-Seidel 
iteration may not converge at all. For conditions that are sufficient to guarantee convergence 
of Gauss-Seidel iteration you are encouraged to consult texts on numerical analysis. 


| 16.1 |Exercises Answers to selected odd-numbered problems begin on page ANS-36. 


In Problems 1-8, use a computer as a computational aid. 6. 5 
10 20 40 
In Problems 1-4, use (4) to approximate the solution of ae es 
Pi3 Box Pas 
Laplace’s equation at the interior points of the given region. 20 70 
Use symmetry when possible. 40 Bio too Foo 0 
1. u(0,y) =0, u3,y)=y(2—-y), O<y<2 20g ge get tf 59 
u(x,0) =0, u(x, 2) =x(3—-—x), O<x<3 : 
mesh size: h = 1 10 20 30 . 
2. u0,y)=0, uQ,y)=0, O<y<1 
u(x,0) = 100, u(x, 1)=0, 0<x<2 FIGURE 16.1.6 Region in Problem 6 


mesh size: h = + 


7. (a) In Problem 12 of Exercises 13.6, you solved a potential 


3. u(0,y)=0, ud,y)=0, O<y<1 bl ; ‘al f € Poi : i 
_ — eee | problem using a special form of Poisson’s equation 
u(x, Oy 0, a )=sinax, O<x Puy ae 
mesh size: h = 3 =a 5 = f(x, y). Show that the difference equation 
4. u(0,y) = 108y°(1—y), u(l,y)=0, O<y<1 OF cat 


u(x,0)=0, ux, 1l)=0, O<x< 1 
mesh size: h = + 


In Problems 5 and 6, use (5) and Gauss-Seidel iteration to 
approximate the solution of Laplace’s equation at the interior 
points of a unit square. Use the mesh size h = }. In Problem 5, 
the boundary conditions are given; in Problem 6, the values of u 
at boundary points are given in FIGURE 16.1.6. 


(b) 


replacement for Poisson’s equation is 
ey) 
Uisi,j + Ui jer + Uj-a,j + Ui j-1 4u;; = Wf (x, y). 


Use the result in part (a) to approximate the solution of the 
; _ du, du bine pat 
Poisson equation aa + ie = —2 at the interior points 

x y 
of the region in FIGURE 16.1.7. The mesh size is h = 3, u = 1 
at every point along ABCD, and u = Oatevery point along 


5. u(0,y) =0, u(l,y) = 100y, O<y<1 DEFGA. Use symmetry and, if necessary, Gauss—Seidel 
u(x,0) =0, u(x, 1) = 100x, O<x<1 iteration. 
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FIGURE 16.1.7 Region in Problem 7 


. Use the result in part (a) of Problem 7 to approximate the 


F : _ ou au 
solution of the Poisson equation 42 + ae = —64 at the 
x y 
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interior points of the region in FIGURE 16.1.8. The mesh is h = 5, 
and u = 0 at every point on the boundary of the region. If 
necessary, use Gauss-Seidel iteration. 


y 


FIGURE 16.1.8 Region in Problem 8 


INTRODUCTION The basic idea in the following discussion is the same as in Section 16.1; 
we approximate a solution of a PDE—this time a parabolic PDE—by replacing the equation 
with a finite difference equation. But unlike the preceding section, we shall consider two finite- 
difference approximation methods for parabolic partial differential equations: one called an 
explicit method and the other an implicit method. For the sake of definiteness, we consider only 
the one-dimensional heat equation. 


I| Difference Equation Replacement To approximate the solution u(x, t) of the one- 


dimensional heat equation 


ru a Ou 
* ax? 7 or ) 


we again replace the derivatives by difference quotients. Using the central difference approxima- 


tion (2) of Section 16.1, 


ru 


ax? 


= a [u(x + h, t) — 2u(x, t) + u(x — h, f)] 


and the forward difference approximation (3) of Section 6.5, 


equation (1) becomes 


c 
72 


> 


If we let A = ck/h’ and 


u(x, t) = Uj, 


then, after simplifying, (2) is 


ath 


{u(x + h, t) — 2u(x, t) + u(x — h, t)] = : 


: [u(x,t + h) — u(x, t)] 


: [u(x, t + k) — u(x, p]. (2) 


u(x + h, t) = jy), j, Ux — A, t) = yyy, Ua, t + k) = uy j+1, 


Uj, j41 = Aus, ; + CL — 2A)uy + Au;-1, ;- (3) 


In the case of the heat equation (1), typical boundary conditions are u(0, ft) = uy, u(a, t) = us, 
t > 0, and an initial condition is u(x, 0) = f(x), 0 <x <a. The function f can be interpreted as 
the initial temperature distribution in a homogeneous rod extending from x = 0 to x = a; u, and 
uy can be interpreted as constant temperatures at the endpoints of the rod. Although we shall not 
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0 h 2h 3h. a 


FIGURE 16.2.1 Rectangular region in 
xt-plane 


Yi j+l 


(j + 1)st time 
line 


t 
k 
{ 


jth time line 
Uj_1,; Ui Ui 47 


|< h—| 


FIGURE 16.2.2 u att = 7 + 1 is determined 
from three values of u at t = j 
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prove it, the boundary-value problem consisting of (1) and these two boundary conditions 
and one initial condition has a unique solution when fis continuous on the closed interval [0, a]. 
This latter condition will be assumed, and so we replace the initial condition by u(x, 0) = f(x), 
0 =x =a. Moreover, instead of working with the semi-infinite region in the xt-plane defined by 
the inequalities 0 = x = a, t = 0, we use a rectangular region defined byO0 =x =a,0=St=T, 
where T is some specified value of time. Over this region we place a rectangular grid consisting 
of vertical lines / units apart and horizontal lines k units apart. See FIGURE 16.2.1. If we choose 
two positive integers n and m and define 


Tr 
and k=—, 


a 
h=— 
n m 


then the vertical and horizontal grid lines are defined by 


= t=O 2.20 ad gage. fJ=0,1,3 am 


As illustrated in FIGURE 16.2.2, the plan here is to use formula (3) to estimate the values of 
the solution u(x, f) at the points on the (7 + 1)st time line using only values from the jth time 
line. For example, the values on the first time line (j = 1) depend on the initial condition 
Uj, o = U(x; 0) = f(%;) given on the zeroth time line (j = 0). This kind of numerical procedure is 
called an explicit finite difference method. 


| EXAMPLE1 | Using the Finite Difference Method 


Consider the boundary-value problem 


ru ou 
~=—, 0<x<l1, 0<1<05 
Ox~ ot 
u(0,t)=0, uil,t)=0, OSrsO05 


u(x, 0) = sinax, OSxS 1. 


First we identify c = 1, a = 1, and T = 0.5. If we choose, say, n = 5 and m = 50, then 


k= =02,4—= 2 —001,A = 0.25, 
ere i= 0, 1,2,3,4,5,. and re FSO A 0. 
5 100 
Thus (3) becomes 


Uj, j+1 = 0.25(uj 44, | + Quy + Uj—1, i)» 


By setting j = 0 in this formula, we get a formula for the approximations to the temperature 
u on the first time line: 


Uj 1 = O.25(uj+41, 9 + 2Uj;, 9 + Uj-1, 0): 
If we then let i = 1,..., 4in the last equation, we obtain, in turn, 
Uy, = 0.25(uo9 + 249 + Ugo) 
Ux, = 0.25(U39 + 29 + U9) 
U3; = 0.25(Ug9 + 239 + U9) 
Ug, = 0.25(Us9 + 2Uy9 + U3). 
The first equation in this list is interpreted as 
Uy, = 0.25(u(%5, 0) + 2u(x,, 0) + u(0, 0)) 
= 0.25(u(0.4, 0) + 2u(0.2, 0) + u(0, 0)). 
From the initial condition u(x, 0) = sin 7x, the last line becomes 
uy; = 0.25(0.951056516 + 2(0.587785252) + 0) = 0.531656755. 


This number represents an approximation to the temperature u(0.2, 0.01). 
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TABLE 16.2.2 


Exact 


u(0.4, 0.05) = 0.5806 
u(0.6, 0.06) = 0.5261 
u(0.2, 0.10) = 0.2191 
u(0.8, 0.14) = 0.1476 


Since it would require a rather large table of over 200 entries to summarize all the approxima- 
tions over the rectangular grid determined by / and k, we give only selected values in Table 16.2.1. 


TABLE 16.2.1 Explicit Difference Equation Approximation with 


h=0.2,k = 0.01, A = 0.25 


Time x = 0.20 x = 0.40 x = 0.60 x = 0.80 

0.00 0.5878 0.9511 0.9511 0.5878 

0.10 0.2154 0.3486 0.3486 0.2154 

0.20 0.0790 0.1278 0.1278 0.0790 

0.30 0.0289 0.0468 0.0468 0.0289 
Approximation 0.40 0.0106 0.0172 0.0172 0.0106 

0.50 0.0039 0.0063 0.0063 0.0039 = 
Uys = 0.5758 
U6 = 0.5208 You should verify, using the methods of Chapter 13, that an exact solution of the boundary- 
My, 19 = 0.2154 value problem in Example | is given by u(x, tf) = e 7’ sin rx. Using this solution, we compare 
Ug, 14 = 0.1442 


in Table 16.2.2 a sample of exact values with their corresponding approximations. 


c | u(x + Ah, t) — 2u(x, t) + u(x — fh, ft) 4 u(x + h,t + k) — 2u(x,t + k) + ux — h,t + k) 


[| Stabi lity These approximations are comparable to the exact values and accurate enough 
for some purposes. But there is a problem with the foregoing method. Recall that a numerical 
method is unstable if round-off errors or any other errors grow too rapidly as the computa- 
tions proceed. The numerical procedure in Example | can exhibit this kind of behavior. It can 
be proved that the procedure is stable if A is less than or equal to 0.5, but unstable otherwise. 
To obtain A = 0.25 = 0.5 in Example 1, we had to choose the value k = 0.01; the necessity 
of using very small step sizes in the time direction is the principal fault of this method. You 
are urged to work Problem 12 in Exercises 16.2 and witness the predictable instability when 
A=1. 


I| Crank-Nicholson Method There are implicit finite difference methods for solving 
parabolic partial differential equations. These methods require that we solve a system of equa- 
tions to determine the approximate values of u on the ( j + 1)st time line. However, implicit 
methods do not suffer from instability problems. 

The algorithm introduced by J. Crank and P. Nicholson in 1947 is used mostly for solving the 

vu a 
heat equation. The algorithm consists of replacing the second partial derivative in c = = - 
x 

by an average of two central difference quotients, one evaluated at ¢ and the other at t + k: 


2 


1 
Pe re = Flue + & = ux, 0). (A) 


If we again define A = ck/h’, then after rearranging terms we can write (4) as 
~Uj-1, j+1 + QU; j+1 ~ Yi+i, j41 ~ Yit1, | — Bu; a Uj-1, j> (5) 


where a = 2(1 + I/A) and B = 21 — I/A), 7 = 0, 1,..., m— 1, andi = 1,2,...,n— 1. 

For each choice of j, the difference equation (5) fori = 1, 2,..., n — 1 givesn — | equations 
inn — 1 unknowns u; ;,,. Because of the prescribed boundary conditions, the values of u;, j+ 
are known for i = 0 and for i = n. For example, in the case n = 4, the system of equations for 
determining the approximate values of u on the (7 + 1)st time line is 


Uo, j+1 + QU) j+1 ~ Ua, j41 = U2, j — Buy, j ale Uo, j 
Uy j+1 he QU j41 —~ U3, j41 ~ U3, 5 — Bur, ; + Uy j 


Uy, p41 1 OM3, 541 — Ug, jp. = Ug, | — Bulg, j + Up; 


or 
QU, f+) ~ Ua, +1 =b, 
Uy, j41 + Oy, j41 — U3, jt = Dy (6) 
Uy, j+1 + U3, j41 = d3, 


16.2 Heat Equation | 809 


where Dy = Uy, ; — Buy, + Uo, j + Uo, j+1 


bs = Ug; — Bus; + Uy, 7 + Ug, jar 
In general, if we use the difference equation (5) to determine values of u on the ( j + 1)st time line, 
we need to solve a linear system AX = B, where the coefficient matrix A is a tridiagonal matrix, 


a =] 0 0 0 


Pr) 


oo 
oo 
oo 
oo 
oo 
| 
—- & 

I 
8 


and the entries of the column matrix B are 
by = Up, ; — Buy; + Uo, ; + Uo, j+1 
by = U3, j Buy, j + uy j 


bs = Ug, ; — Bus, ; + Up, ; 


b,-1 = Un, j Bu,—1, ; a Uy —2, j at? Un, j+1- 


| EXAMPLE2 | Using the Crank—Nicholson Method 


Use the Crank—Nicholson method to approximate the solution of the boundary-value 
problem 


ou ou 
0.25525" O0<x<2, 0<ft<03 
Ox ot 


u(0,f)=0, u2,t=0, OSt=0.3 
u(x, 0) = sinawx, OS x=2, 


using n = 8 and m = 30. 


SOLUTION From the identifications a = 2, T = 0.3, h = § = 0.25, k = 7 = 0.01, and 
c = 0.25, we get A = 0.04. With the aid of a computer we get the results in Table 16.2.3. As 
in Example 1, the entries in this table represent only a selected number from the 210 approxi- 
mations over the rectangular grid determined by h and k. 


TABLE 16.2.3 Crank—Nicholson Method with h = 0.25, k = 0.01, A = 0.25 


Time x=0.25 x=050 x=075 x=1.00 x=1.25 x=150 x=1.75 

0.00 0.7071 1.0000 0.7071 0.0000 —0.7071 — 1.0000 —0.7071 

0.05 0.6289 0.8894 0.6289 0.0000 —0.6289 —0.8894 —0.6289 

0.10 0.5594 0.7911 0.5594 0.0000 —0.5594 —0.7911 —0.5594 

0.15 0.4975 0.7036 0.4975 0.0000 —0.4975 —0.7036 —0.4975 

0.20 0.4425 0.6258 0.4425 0.0000 —0.4425 —0.6258 —0.4425 
TABLE 16.2.4 0.25 0.3936 0.5567 0.3936 0.0000 —0.3936 —0.5567 —0.3936 

0.30 0.3501 0.4951 0.3501 0.0000 —0.3501 —0.4951 —0.3501 = 
Exact Approx. = 
u(0.75, 0.05) = 0.6250 Uss = 0.6289 Like Example 1, the boundary-value problem in Example 2 also possesses an exact solution 
u(0.50, 0.20) = 0.6105 Mz,20 = 0.6259 | given by u(x, t) = e~7 /4sin ax. The sample comparisons listed in Table 16.2.4 show that the absolute 
u(0.25, 0.10) = 0.5525 Uy, 9 = 0.5594 


errors are of the order 10° * or 10°. Smaller errors can be obtained by decreasing either / or k. 
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| 16.2 Exercises Answers to selected odd-numbered problems begin on page ANS-37. 


In Problems 1—12, use a computer as a computational aid. 


1. Use the difference equation (3) to approximate the solution 


of the boundary-value problem 


au Ou 
00 oa O0<x<2, 0<t<l 
Ox ot 
u(0,t) =0, u(2,)=0, OSrsl 
It. ee i 
u(x, 0) = 
0, l<xs2 


Use n = 8 and m = 40. 

. Using the Fourier series solution obtained in Problem 1| of 
Exercises 13.3 with L = 2, one can sum the first 20 terms 
to estimate the values for u(0.25, 0.1), u(1, 0.5), and 
u(1.5, 0.8) for the solution u(x, t) of Problem 1 above. A 
student wrote a computer program to do this and obtained 
the results (0.25, 0.1) = 0.3794, u(1, 0.5) = 0.1854, and 
u(1.5, 0.8) = 0.0623. Assume these results are accurate for 
all digits given. Compare these values with the approxima- 
tions obtained in Problem | above. Find the absolute errors 
in each case. 

. Solve Problem | by the Crank—Nicholson method with n = 8 
and m = 40. Use the values for u(0.25, 0.1), u(1, 0.5), and 
u(1.5, 0.8) given in Problem 2 to compute the absolute 
errors. 

. Repeat Problem | using n = 8 and m = 20. Use the values 
for u(0.25, 0.1), u(1, 0.5), and u(1.5, 0.8) given in Problem 2 
to compute the absolute errors. Why are the approximations 
so inaccurate in this case? 

. Solve Problem | by the Crank—Nicholson method withn = 8 
and m = 20. Use the values for u(0.25, 0.1), u(1, 0.5), and 
u(1.5, 0.8) given in Problem 2 to compute the absolute er- 
rors. Compare the absolute errors with those obtained in 
Problem 4. 

. It was shown in Section 13.2 that if a rod of length L is made 
of a material with thermal conductivity K, specific heat y, and 
density p, the temperature u(x, f) satisfies the partial differen- 
tial equation 


Consider the boundary-value problem consisting of the fore- 
going equation and conditions 
u0,) =0, uL,t)=0, 0O=r=10 


0=xc=L. 


u(x, 0) = f(x), 


11. 


12. 


Use the difference equation (3) in this section with n = 10 
and m = 10 to approximate the solution of the boundary- 
value problem when 

(a) L = 20, K = 0.15, p = 8.0, y = 0.11, f(x) = 30 

(b) L =50, K = 0.15, p = 8.0, y = 0.11, f(x) = 30 


(c) L=20,K = 1.10, p = 2.7, y = 0.22, f(x) = 0.5x(20 — x) 
(d) L = 100, K = 1.04, p = 10.6, y = 0.06, 
0.8.x, 0O=x=50 
f(x) = 
0.80100 — x), 50<x = 100. 


. Solve Problem 6 by the Crank—Nicholson method withn = 10 


and m = 10. 


. Repeat Problem 6 if the endpoint temperatures are u(0, t) = 0, 


u(L, t) = 20,0 <1< 10. 


. Solve Problem 8 by the Crank—Nicholson method. 
. Consider the boundary-value problem in Example 2. Assume 


that n = 4. 

(a) Find the new value of A. 

(b) Use the Crank—Nicholson difference equation (5) to find 
the system of equations for u;,, uy,, and u3,, that is, the 
approximate values of u on the first time line. [Hint: Set 
J = Oin (5), and let 7 take on the values 1, 2, 3.] 

Solve the system of three equations without the aid of a 
computer program. Compare your results with the cor- 
responding entries in Table 16.2.3. 

Consider a rod whose length is L = 20 for which K = 1.05, 
p = 10.6, and y = 0.056. Suppose 


(c 


wm 


u(0, t) = 20, u(20, t) = 30 
u(x, 0) = 50. 


(a) Use the method outlined in Section 13.6 to find the steady- 
state solution w(x). 

(b) Use the Crank—Nicholson method to approximate the 
temperatures u(x, t) for O St S T,,,x. Select Ty, large 
enough to allow the temperatures to approach the steady- 
state values. Compare the approximations for tf = Tyyax 
with the values of W(x) found in part (a). 

Use the difference equation (3) to approximate the solution 

of the boundary-value problem 


ou Ou 

7= a O<x<l, O<r<il 
Ox ot 
u(0,f)=0, ul, =0, OSrsl 
u(x, 0) = sinax, OSx=1. 


Use n = 5 andm = 25. 
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(j + Ist time a 
line | 
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jth time line i ° . © 
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FIGURE 16.3.1 wu att = + 1 is determined 
from three values of u at t = j and one 
value att =j — 1 
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16.3| Wave Equation 


INTRODUCTION In this section we approximate a solution of the one-dimensional wave 
equation using the finite difference method used in the preceding two sections. The one-dimensional 
wave equation is the prototype hyperbolic partial differential equation. 


il Difference Equation Replacement Suppose u(x, ft) represents a solution of the 
one-dimensional wave equation 


Ce = (1) 


Using two central differences, 


ru 1 

aod © za Lue + hy t) — u(x, ) + ue — bh, A] 
Ox 

ru 1 

ait a luat + &) ~ 2u(x,) + ule, t ~ 2] 


we replace equation (1) by 


2 


- [u(x + h, t) — 2u(x, 1) + ux — h, H] = 3 [u(x,t +k) —-2ux,)+uQ,t—b]. — (2) 


We solve (2) for u(x, t + k), which is u; ;,). If A = ck/h, then (2) yields 
Uj, j+1 — Mui+1,j eal = uj ae Muj-1,j ~ Ui, j-1 (3) 


fori = 1,2,..., n— landj =1,2,..., m—1. 

In the case when the wave equation (1) is a model for the vertical displacements u(x, 1) of a vi- 
brating string, typical boundary conditions are u(0, t) = 0, u(a, t) = 0, t > 0, and initial conditions 
are u(x, 0) = f(x), du/dtl_o = g(x), 0 < x < a. The functions fand g can be interpreted as the initial 
position and the initial velocity of the string. The numerical method based on equation (3), like the first 
method considered in Section 16.2, is an explicit finite difference method. As before, we use the 
difference equation (3) to approximate the solution u(x, f) of (1), using the boundary and initial 
conditions, over a rectangular region in the xf-plane defined by the inequalities0 =x =a,0=rf=T, 
where J is some specified value of time. If 7 and m are positive integers and 


the vertical and horizontal grid lines on this region are defined by 


=i 1=0)1,2,.00 and gee F=0,1,2;...70 


As shown in FIGURE 16.3.1, (3) enables us to obtain the approximation u, ;, on the (j + 1)st time 
line from the values indicated on the jth and (7 — 1)st time lines. Moreover, we use 


Uo, j = u(0, jk) = 0, 
Uj,o = U(X, 0) = f). 


< boundary conditions 


Uy, ; = ula, Jk) = 0 


and < initial condition 


There is one minor problem in getting started. You can see from (3) that for 7 = 1 we need to 
know the values of u; ; (that is, the estimates of u on the first time line) in order to find u; 5. But 
from Figure 16.3.1, with j = 0, we see that the values of u; , on the first time line depend on the 
values of u;, y on the zeroth time line and on the values of u; _,. To compute these latter values 
we make use of the initial-velocity condition u(x, 0) = g(x). At t = 0, it follows from (5) of 
Section 6.5 that 


g(x) = u(x, 0) = “A 9 (4) 
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In order to make sense of the term u(x;,, —k) = u;, -; in (4), we have to imagine u(x, ft) extended 
backward in time. It follows from (4) that 


u(x;, —k) ~ u(x, k) — 2kg(x;)). 
This last result suggests that we define 
Uj, -1 = Uj, 1 — 2kgQ%i) (5) 


in the iteration of (3). By substituting (5) into (3) when j = 0, we get the special case 


ed 


4 = 2 (Ui+1,0 + 41,0) + A — d’) Uj, + kg(x). (6) 


| EXAMPLE1 | Using the Finite Difference Method 


Approximate the solution of the boundary-value problem 


ru ru 
ee Rey O<x<1, O0<t<l 
Ox ot 


u0,)=0, ul,jf=0, OSt=1 


Ou 
u(x, 0) = sin 7x, rr =0, 0Sx=1, 
t=0 


using (3) with n = 5 and m = 20. 


SOLUTION We make the identifications c = 2, a = 1, and T = 1. Withn = 5 and m = 20 
we geth = § = 0.2, k = 4 = 0.05, and A = 0.5. Thus, with g(x) = 0, equations (6) and (3) 
become, respectively, 


Uj, 1 = 0.125(uj41, 9 + Uj-1, 0.) + 0.75u;, 0 (7) 
Uj, j41 = O.25uj41, ) + L.Suy + 0.25u;—1, | — Uj, j-1- (8) 
For i = 1, 2, 3, 4, equation (7) yields the following values for the wu; ; on the first time line: 
Uy, = 0.125(Ux9 + Ugo) + 0.7549 = 0.55972 100 
Uz, = 0.125(u39 + U9) + 0.7599 = 0.90564761 
U3, = 0.125(ug9 + U9) + 0.7539 = 0.90564761 2 
Ug, = 0.125(uUs9 + 39) + 0.7549 = 0.55972100. 


Note that the results given in (9) were obtained from the initial condition u(x, 0) = sin 7x. 
For example, uw) = sin(0.277), and so on. Now j = | in (8) gives 


Uj = 0.25uj4), 1 + L.Su;, 1, + 0.25uj;-1, 1 — Ui, os 
and so for i = 1, 2, 3, 4 we get 
Uyy = 0.25uy, + 1.5uy, + 0.25u9, — 49 
Uy) = 0.25u3, + 1.5uy, + 0.254, — Uno 
U37 = 0.25uy, + 1.53, + 0.25u2, — U39 
Ugg = 0.25u5, + 1.5ug, + 0.25u3; — Uso. 


Using the boundary conditions, the initial conditions, and the data obtained in (9), we get 
from these equations the approximations for uv on the second time line. These last results and 
an abbreviation of the remaining calculations are summarized in Table 16.3.1 on page 814. 
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TABLE 16.3.2 


Exact Approx. 
u(0.4, 0.25) = 0 Uys = 0.0185 
u(0.6, 0.3) = —0.2939 Usg = —0.2727 
u(0.2, 0.5) = —0.5878 uy, 9 = — 0.5873 
u(0.8, 0.7) = —0.1816 ug, 4g = — 0.2119 


TABLE 16.3.3 


Exact Approx. 
u(0.25, 0.3125) = —0.2706 us = —0.2706 
u(0.375, 0.375) = —0.6533 —uyg= —0.6533 


u(0.125, 0.625) = —0.2706 up = —0.2706 


TABLE 16.3.1 Explicit Difference Equation Approximation 


with h = 0.2,k = 0.05, A = 0.5 


Time x = 0.20 x = 0.40 x = 0.60 x = 0.80 
0.00 0.5878 0.9511 0.9511 0.5878 
0.10 0.4782 0.7738 0.7738 0.4782 
0.20 0.1903 0.3080 0.3080 0.1903 
0.30 —0.1685 —0.2727 —0.2727 —0.1685 
0.40 —0.4645 —0.7516 —0.7516 —0.4645 
0.50 —0.5873 —0.9503 —0.9503 —0.5873 
0.60 —0.4912 —0.7947 —0.7947 —0.4912 
0.70 —0.2119 —0.3428 —0.3428 —0.2119 
0.80 0.1464 0.2369 0.2369 0.1464 
0.90 0.4501 0.7283 0.7283 0.4501 
1.00 0.5860 0.9482 0.9482 0.5860 = 


It is readily verified that the exact solution of the BVP in Example | is u(x, t) = sin 7x cos 277. 
With this function we can compare the exact results with the approximations. For example, 
some selected comparisons are given in Table 16.3.2. As you can see in the table, the approxima- 
tions are in the same “ball park” as the exact values, but the accuracy is not particularly impressive. 
We can, however, obtain more accurate results. The accuracy of this algorithm varies with the 
choice of A. Of course, A is determined by the choice of the integers n and m, which in turn de- 
termine the values of the step sizes h and k. It can be proved that the best accuracy is always 
obtained from this method when the ratio A = kc/h is equal to one—in other words, when the 
step in the time direction is k = h/c. For example, the choice n = 8 and m = 16 yields h = }, 
k = ¥, and A = 1. The sample values listed in Table 16.3.3 clearly show the improved 
accuracy. 


Hi Stabi lity We note in conclusion that this explicit finite difference method for the wave 
equation is stable when A = | and unstable when A > 1. 


| 16.3 — |Exercises Answers to selected odd-numbered problems begin on page ANS-38. 


In Problems 1, 3, 5, and 6, use a computer as a computational aid. 


1. Use the difference equation (3) to approximate the solution 


of the boundary-value problem 


=0, OSx=1. 
t=0 


u(x, 0) = sin 7x, 


ot 


(a) Use the methods of Chapter 13 to verify that the solution 


vu ou of the problem is u(x, t) = sin 77x cos Trt. 
— axe <t< 2 
. ax at?’ Ue Re OEE (b) Use the method of this section to approximate the solution 
_ _ ee of the problem without the aid of a computer program. 
u(0,t)=0, ula,h=0, OStST eg Asan & 
= ou _ (c) Compute the absolute error at each interior grid point. 
ux, 0) = Fx), dt |,—0 = Sas 3. Approximate the solution of the boundary-value problem in 
Problem 2 using a computer program with 
nas (a) n=5,m=10 (b) n=5,m=20 
ae meal thas! %); caade= 1 4. Given the boundary-value problem 
(b) c=1, a=2, T=1, f&) e 6)". = 5 andm = 10 A 5 
0 om 
@©e=Vie=17=1, eae 0<x<1, 0<r<1 
Ox ot 
_ JO, 0=x=05 
IO los, 05 <x=1; u(0,)=0, ul,)=0, O<t=1 
n= 10 and m = 25. co 
2. Consider the boundary-value problem u(x, 0) = x(1 — x), len 0, OSx=1 
t=0 
ee es eee 
ax? at?’ * : . use h = k = } in equation (6) to compute the values of u;, , by 


u(0, tf) =0, ud,j =0, OSt=O05 


814 | 


hand. 
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5. It was shown in Section 13.2 that the equation of a vibrating 


Use the difference equation (3) in this section to approximate 


string is the solution of the boundary-value problem when h = 10, 
i 5 k=5V p/T and where p = 0.0225 g/cm, T = 1.4 X 10’ dynes. 
oe = a Use m = 50. 
P ox at 6. Repeat Problem 5 using 
where T is the constant magnitude of the tension in the string 
and p is its mass per unit length. Suppose a string of length 0.02x, 0Sx515 
60 centimeters is secured to the x-axis at its ends and is released f@) = x — 15 
from rest from the initial displacement Ce 150 ” eon) 
0.01x, =e a and h = 10, k = 2.5Vp/T. Use m = 50. 
al i ee ee eres 
30° = ; x = 60. 
100 
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uO, =0, ud,y=0, t>0 


1. Consider the boundary-value problem 


eu vu _ 9 Oae<2, O02 y<1 ROD UST: 
ax? ay" ° : 


u(0, y) = 0, u(2, y) = 50, O<y<1 
u(x, 0) = 0, u(x, 1)=0, O<x <2. 


(a) Note that the initial temperature u(x, 0) = x indicates that 
the temperature at the right boundary x = 1 should be 
u(1, 0) = 1, whereas the boundary conditions imply that 
u(1, 0) = 0. Write a computer problem for the explicit 
finite difference method so that the boundary conditions 
prevail for all times considered, including t = 0. Use the 
program to complete Table 16.R.1. 

Modify your computer program so that the initial condi- 
tion prevails at the boundaries at t = 0. Use this program 
to complete Table 16.R.2. 

Are Tables 16.R.1 and 16.R.2 related in any way? Use a 
larger time interval if necessary. 


Approximate the solution of the differential equation at the 
interior points of the region with mesh size h = 5. Use Gaussian 
elimination or Gauss-Seidel iteration. 
2. Solve Problem | using mesh size h = }. Use Gauss-Seidel (b 
iteration. 
3. Consider the boundary-value problem 


a 


ou Ou (c) 
P=, OS xe lh OS '=005 
Ox ot 


TABLE 16.R.1 


time »=O000 «=020 #x=040 x =060 x =00 m= LOU 
0.00 0.0000 0.2000 0.4000 0.6000 0.8000 0.0000 
0.01 0.0000 0.0000 
0.02 0.0000 0.0000 
0.03 0.0000 0.0000 
0.04 0.0000 0.0000 
0.05 0.0000 0.0000 


TABLE 16.R.2 


time »=000 «=020 x=040 x=000 #£=080 x= LOO 
0.00 0.0000 0.2000 0.4000 0.6000 0.8000 1.0000 
0.01 0.0000 0.0000 
0.02 0.0000 0.0000 
0.03 0.0000 0.0000 
0.04 0.0000 0.0000 
0.05 0.0000 0.0000 
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Complex Analysis 


17. Functions of a Complex Variable 
18. Integration in the Complex Plane 
19. Series and Residues 


20. Conformal Mappings 
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CHAPTER 


In elementary algebra courses 
you learned about the existence 
and some of the properties of 
complex numbers. But in courses 
such as calculus, it is likely that 
you did not even see a complex 
number. Introductory calculus is 
basically the study of functions 
of a real variable. In advanced 
courses, you may have seen 
complex numbers occasionally 


(see Sections 3.3, 8.8, and 10.2). 


However, in the next four 
chapters we are going to 
introduce you to complex 
analysis; that is, the study of 
functions of a complex variable. 
Although there are many 
similarities between complex 
analysis and real analysis, there 
are many interesting differences 
and some surprises. 


Functions of a 


Complex Variable 


CHAPTER CONTENTS 


17.1 Complex Numbers 

17.2 Powers and Roots 

17.3 Sets in the Complex Plane 

17.4 Functions of a Complex Variable 

17.5 Cauchy-Riemann Equations 

17.6 Exponential and Logarithmic Functions 

17.7 Trigonometric and Hyperbolic Functions 

17.8 Inverse Trigonometric and Hyperbolic Functions 
Chapter 17 in Review 


17. | Complex Numbers 


INTRODUCTION You have undoubtedly encountered complex numbers in your earlier 

courses in mathematics. When you first learned to solve a quadratic equation ax” + bx + c = 0 

by the quadratic formula, you saw that the roots of the equation are not real, that is, complex, 

whenever the discriminant b* — 4ac is negative. So, for example, simple equations such as 

x° +5 =Oandx* + x + 1 = Ohave no real solutions. For example, the roots of the last equation 
V-3 1 = 


1 
are 5 a 5 and 5 + . If it is assumed that V —3 = Ars \V —1, then the roots 


are written ->+ AEs —<— yy 


HA paca Two hundred years ago, around the time that complex numbers were gain- 
ing some respectability in the mathematical community, the symbol i was originally used as a 


disguise for the embarrassing symbol V —1. We now simply say that 7 is the imaginary unit 
and define it by the property i* = —1. Using the imaginary unit, we build a general complex 
number out of two real numbers. 


Definition 17.1.1 Complex Number 


A complex number is any number of the form z = a + ib where a and b are real numbers 
and i is the imaginary unit. 


Hi Terminology The number / in Definition 17.1.1 is called the imaginary unit. The real 

number x in z = x + iy is called the real part of z; the real number y is called the imaginary 

part of z. The real and imaginary parts of a complex number z are abbreviated Re(z) and Im(z), 

Note: The imaginary part of }} —_ respectively. For example, if z = 4 — 9i, then Re(z) = 4 and Im(z) = —9. A real constant multiple 
z=4- 9iis —9, not —9i. F oe $ : ees ‘ : 

of the imaginary unit is called a pure imaginary number. For example, z = 6/ is a pure imaginary 

number. Two complex numbers are equal if their real and imaginary parts are equal. Since this 
simple concept is sometimes useful, we formalize the last statement in the next definition. 


Definition 17.1.2 Equality 


Complex numbers z,; = x, + iy, and z, = xy + iy, are equal, z, = Z», if 


Re(z,) = Re(z,)_ and Im(z,) = Im(z). 


A complex number x + iy = Oif x = Oand y = 0. 


Il Arithmetic Operations Complex numbers can be added, subtracted, multiplied, and 
divided. If z; = x, + iy, and z, = x, + iy, these operations are defined as follows. 


Addition: 2 + 2 = (, + iy,:) + Ge + yy) = GY + x) + Cy, + y2) 
Subtraction: Zy— Zp = + iy,) — Gy + tyy) = @ — xy) + i, — yo) 
Multiplication: ZZ = Cy + iy )(X_ + iy) 

= X1X_ — WiY2 + Wy iXq + Xo) 


Senay a x, + iy 
Division: ae ee 
2 X_ + Ly, 
X)% + Vio rs . it. ~ X12 


L 
x3 + y3 x3 + y3 
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The familiar commutative, associative, and distributive laws hold for complex numbers. 


Ro te = Ze Fy 


Commutative laws: { 


2122 £21 


qo Ge Pe) = ley ae) we 


Associative laws: { 
21 (2223) = (Z122)Z3 


Distributive law: Z(Z + 23) = 242. + 2123 


In view of these laws, there is no need to memorize the definitions of addition, subtraction, 
and multiplication. To add (subtract) two complex numbers, we simply add (subtract) the cor- 
responding real and imaginary parts. To multiply two complex numbers, we use the distributive 
law and the fact that i? = —1. 


| EXAMPLE1 | Addition and Multiplication 


If z, = 2 + 47 and z, = —3 + 8, find (a) z, + z, and (b) z,Z. 


SOLUTION (a) By adding the real and imaginary parts of the two numbers, we get 
(2+ 41) +(-34+ 8) =2-3)+4+8i=—-14 121 
(b) Using the distributive law, we have 
(2 + 4i)(—3 + 81) = (2 + 41)(—3) + (2 + 41)(81) 
= —6— 121 + 16i + 327° 
= (—6 — 32) + (16 — 12)i = —38 + 4i. = 


There is also no need to memorize the definition of division, but before discussing that we 
need to introduce another concept. 


I Conjugate If z is a complex number, then the number obtained by changing the sign of 
its imaginary part is called the complex conjugate or, simply, the conjugate of z. If z = x + iy, 
then its conjugate is 


Z=x-— iy. 


For example, if z = 6 + 3i, then z = 6 — 3i;if z = —5 — i, then z = —5 +1. If zis areal number, 
say z = 7, then z = 7. From the definition of addition it can be readily shown that the conjugate 
of a sum of two complex numbers is the sum of the conjugates: 


yZtay=yA+t hw. 
Moreover, we have the additional three properties 
— = = ——= ae ral ZI 
fy ~ £9 > £1 ~ 2a <yeo > £1h95 a. = ee 
£2 


The definitions of addition and multiplication show that the sum and product of a complex 
number z and its conjugate z are also real numbers: 


zt+z=(x+ iy) + (@— iy) = 2x (1) 


z=(xtiyx-iy=?-Pr=ar+y* (2) 
The difference between a complex number z and its conjugate z is a pure imaginary number: 
Z2-—Z=(x+ iy) — x — iy) = Diy. (3) 
Since x = Re(z) and y = Im(z), (1) and (3) yield two useful formulas: 


Z+Z LZ 
d I = 
5 an m(z) F 


Re(z) = 


17.1 Complex Numbers | 821 


Z=x+iy 


FIGURE 17.1.1 z as a position vector 


FIGURE 17.1.2 Sum of vectors 
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However, (2) is the important relationship that enables us to approach division in a more practical 
manner: To divide z, by z,, we multiply both numerator and denominator of z,/z, by the conjugate 
of z,. This procedure is illustrated in the next example. 


| EXAMPLE2 | Division 
Zz 1 
If z, = 2 — 3iand z, = 4 + 6i, find (a) . and (b) ~~. 
2 i 


SOLUTION In both parts of this example we shall multiply both numerator and denominator 
by the conjugate of the denominator and then use (2). 


2-31 2-314-6i 8 — 12i— 121 + 18/7 


(a) Le SEGA] Gi 16 + 36 
-10-24' 5 6 
~ 3 «6S 
1 i O45; o23r 9 .3 
(b) = _ ae are = 


236 2 362-6 3b 49 13. 13 


[| Geometric Interpretation A complex number z = x + iy is uniquely determined by an 
ordered pair of real numbers (x, y). The first and second entries of the ordered pairs correspond, 
in turn, with the real and imaginary parts of the complex number. For example, the ordered pair 
(2, —3) corresponds to the complex number z = 2 — 3i. Conversely, z = 2 — 3i determines the 
ordered pair (2, —3). In this manner we are able to associate a complex number z = x + iy with 
a point (x, y) ina coordinate plane. But, as we saw in Section 7.1, an ordered pair of real numbers 
can be interpreted as the components of a vector. Thus, a complex number z = x + iy can also 
be viewed as a vector whose initial point is the origin and whose terminal point is (x, y). The 
coordinate plane illustrated in FIGURE 17.1.1 is called the complex plane or simply the z-plane. The 
horizontal or x-axis is called the real axis and the vertical or y-axis is called the imaginary axis. 


The length of a vector z, or the distance from the origin to the point (x, y), is clearly Vx? + y°. 
This real number is given a special name. 


Definition 17.1.3 Modulus or Absolute Value 


The modulus or absolute value of z = x + iy, denoted by |z|, is the real number 


Iz] = Vx? + v2 = Vz. (4) 


| EXAMPLE3 | Modulus of a Complex Number 


If z = 2 — 3i, then |z| = V2? + (-3P = V13. = 


As FIGURE 17.1.2 shows, the sum of the vectors z, and z, is the vector z, + z. For the triangle 
given in the figure, we know that the length of the side of the triangle corresponding to the vector 
z, + z, cannot be longer than the sum of the remaining two sides. In symbols this is 

[1 + Z| = |Z] + [za]. (5) 
The result in (5) is known as the triangle inequality and extends to any finite sum: 
lap tz +2) = lz] + le] + le] +o + |e). (6) 


Using (5) on z,; + Z) + (—Z,), we obtain another important inequality: 


|Z ca 2] = Zi ~~ |Z]. (7) 
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REMARKS 


Many of the properties of the real system hold in the complex number system, but there are 
some remarkable differences as well. For example, we cannot compare two complex numbers 
Zy =X, + ty, y, # 0, and z = xX + iyo, yo # 0, by means of inequalities. In other words, state- 


ments such as z; < z, and z, = z, have no meaning except in the case when the two numbers 
Z, and z, are real. We can, however, compare the absolute values of two complex numbers. 
Thus, if z, = 3 + 4i and z, = 5 — i, then |z,| = 5 and |z,| = 26, and consequently |z,| < |z,]. 
This last inequality means that the point (3, 4) is closer to the origin than is the point (5, —1). 


rar | Exercises| Answers to selected odd-numbered problems begin on page ANS-39. 


In Problems 1—26, write the given number in the form a + ib. In Problems 27-32, let z = x + iy. Find the indicated expression. 
1. 213 — 372 + Si 27. Re(1/z) 28. Re(z’) 
2. 30° —i* +77 — 107? -—9 29. Im(2z + 4z — 4i) 30. Im(z? + z’) 
3, 73 4 31. |z—1-3i| 32. |z + 5z| 
5. (5 — 9i) + (2 — 4i) 6. 34 =)— 35 +90 In Problems 33-38, use Definition 17.1.2 to find a complex 
, ; : . . p number z satisfying the given equation. 
7. i(5 + 7i) 8. i1(4 — i) + 4i(1 + 2i) 
; : ; ; 33. 27 = i(2 + 9i) 34. 2-2z7+7-61=0 
= £_ola2 43 
9. (2 ae + i) 10. a0 + 31) 35, 2 =i 6. eh dy 
11. (2 + 3i)° 12, 1 -i a 25 
ery a2 2 or = . 38, —— =3 + 4i 
8 2 ‘a i 1 + 3i 1+ Zz 
if “1+i In Problems 39 and 40, determine which complex number is 
‘z 2 — Ai i. 10 — 5i closer to the origin. 
"345i "642i 39. 10+ 87, 11 —6i 40. 5-41, $+¢i 
B-ij)2+4+ 3) d+a( - 21 41. Prove that lz, — z,] is the distance between the points z, and 
17. a fo 18. cee ee Z, in the complex plane. 
, 42. Show for all complex numbers z on the circle x? + y? = 4 that 
a G-4)-Gti (4 + Si) + 20° jz +6 + 8i| = 12. 
"(4 + 2i + (2 - 31) : Csi : . 
1 43. For na nonnegative integer, i” can be one of four values: i, — 1, 
2. (3 + 61) + 4—-—1)G + 5i) + 55 —i,and 1. In each of the following four cases express the integer 
ay exponent 7 in terms of the symbol k, where k = 0, 1, 2,.... 
24. (2 + 9 (2— “) (a) *=i )*#=-1 @M=-i @i=1 
Ue 2 44. (a) Without doing any significant work such as multiplying 
; 1 1 out or using the binomial theorem, think of an easy way 
25. 26. i ys 
(; = ) (; + 5) Chpjd= Da + 39 pr evaluating (1 4) 5 


(b) Use your method in part (a) to evaluate (1 + i: 


/172| Powers and Roots 


INTRODUCTION Recall from calculus that a point (x, y) in rectangular coordinates can also 
be expressed in terms of polar coordinates (7, #). We shall see in this section that the ability to 
express a complex number z in terms of r and 6 greatly facilitates finding powers and roots of z. 


Hi Polar Form Rectangular coordinates (x, y) and polar coordinates (r, @) are related by the 
equations x = rcos @ and y = r sin @ (see Section 14.1). Thus a nonzero complex number 
z =x + iycan be written as z = (rcos 8) + i(r sin @) or 


z=r(cos @ + isin 6). (1) 
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rcos 0 


FIGURE 17.2.1 Polar coordinates 


52/3 


ar a 


*1 Bi 


FIGURE 17.2.2 Two arguments of 
z=1— V3iin Example | 


We say that (1) is the polar form of the complex number z. We see from FIGURE 17.2.1 that the 
polar coordinate r can be interpreted as the distance from the origin to the point (x, y). In other 
words, we adopt the convention that r is never negative so that we can take r to be the modulus 
of z; that is, r = |z|. The angle 6 of inclination of the vector z measured in radians from the positive 
real axis is positive when measured counterclockwise and negative when measured clockwise. 
The angle 6 is called an argument of z and is written 9 = arg z. From Figure 17.2.1 we see that 
an argument of a complex number must satisfy the equation tan @ = y/x. The solutions of this 
equation are not unique, since if #9 is an argument of z, then necessarily the angles 0) = 277, 
0) + 47,..., are also arguments. The argument of a complex number in the interval -7 <6 = 7 
is called the principal argument of z and is denoted by Arg z. For example, Arg(i) = 77/2. 


| EXAMPLE1 | A Complex Number in Polar Form 


Express | — V3iin polar form. 


SOLUTION Withx=1andy=-— er we obtain r = |z| = V (1)? + (— V3y = 2. Now since 
the point (1, — V3) lies in the fourth quadrant, we can take the solution of tan @ = — V3 =-V3 
to be 6 = arg z = 57/3. It follows from (1) that a polar form of the number is 


( 5ar , =) 
z = 2| cos + isin . 
3 3 


As we see in FIGURE 17.2.2, the argument of 1 — \/3i that lies in the interval (—77, 77], the prin- 
cipal argument of z, is Arg z = — 77/3. Thus, an alternative polar form of the complex number is 


c= foo) +2) : 


I| Multiplication and Division The polar form of a complex number is especially con- 
venient to use when multiplying or dividing two complex numbers. Suppose 


Z, =r,(cos@,+isin@,) and z=r,(cos 0, + isin 4), 
where 6, and 6, are any arguments of z, and z,, respectively. Then 
ZZ = ryra[(cos 0, cos 8, — sin O, sin 8,) + i(sin 6, cos 8, + cos 6, sin 65)] (2) 
and for z, # 0, 


. = “ [(cos 6, cos 6, + sin 0, sin 6,) + i(sin 0, cos 0, — cos 0, sin 6,)]. (3) 
2 


From the addition formulas from trigonometry, (2) and (3) can be rewritten, in turn, as 


ZZ. = ryr,[cos(O, + 6) + isin(@, + 6,)] (4) 


and 


NX | 


i) 


Pi Bt sa 
= oe — 0) + isin(6, — 6)]. (5) 


Inspection of (4) and (5) shows that 


al IZ1| 
Z2o| = |z\lal, || = —, (6) 
[Z1Z2| = |Z1||Zal | tal 
Z 
and arg(zZ>) = arg z, + arg Z5, are(2) = arg ¢) — arg zp. (7) 
2D 


| EXAMPLE2 | Argument of a Product and of a Quotient 


We have seen that Arg z, = 77/2 for z, = i. In Example | we saw that Arg z. = —77/3 for 
ZBQ=l- V3i. Thus, for 


vs. i 
um = id — V3i) = V3 +i and ae aaa + Zi 
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it follows from (7) that 


eels 227 d (2)-2-(-4)-% = 
a a a ee ee | 3 ee = 


In Example 2 we used the principal arguments of z, and z, and obtained arg(z,z,) = Arg(z,Z) and 
arg(z,/z,) = Arg(z,/z,). It should be observed, however, that this was a coincidence. Although (7) 
is true for any arguments of z, and Z,, it is not true, in general, that Arg(z,z,) = Arg z, + Arg z, 
and Arg(z,/z,) = Arg z, — Arg Zz). See Problem 39 in Exercises 17.2. 


Hi Integer Powers of Z Wecan find integer powers of the complex number z from the 
results in (4) and (5). For example, if z = r(cos 6 + isin @), then with z; = z and z, = z, (4) gives 


2 = r’[cos (0 + 6) + isin (6 + 0)] = r’(cos 20 + isin 26). 
Since z* = z’z, it follows that 
z= r(cos 30 + isin 36). 


Moreover, since arg(1) = 0, it follows from (5) that 
= =2° =r [cos(—26) + i sin(—26)]. 


Continuing in this manner, we obtain a formula for the nth power of z for any integer n: 


"= r"(cos né + isin ng). (8) 


| EXAMPLE3 | Power of a Complex Number 
Compute z3 for z= 1 — V3i. 
SOLUTION In Example | we saw that 


c= fon(-2) + (2) 


Hence from (8) with r = 2, 0 = —7/3, andn = 3, we get 


a var 2fon(-2)) +na(-2)] 


= 8[cos(—7r) + isin(—7)] = —8. = 


7 
Kj 


Hi DeMoivre’s Formula When z = cos @ + isin 6, we have |z| =r = 1 and so (8) yields 
(cos 6 + isin 0)" = cos nO + isin nd. (9) 


This last result is known as DeMoivre’s formula and is useful in deriving certain trigonometric 
identities. See Problems 37 and 38 in Exercises 17.2. 


il Roots A number w is said to be an nth root of a nonzero complex number z if w” = z. If 
we let w = p(cos ¢ + isin d) and z = r(cos 8 + isin @) be the polar forms of w and z, then in 
view of (8), w” = z becomes 


p"(cos nd + isinnd) = r(cos 8 + isin 6). 


1/n and 


From this we conclude that p” = ror p =r 
cosnd@ + isinnd = cos @ + isin dé. 
By equating the real and imaginary parts, we get from this equation 


cos nd = cos 6 and sin nd = sin 0. 
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FIGURE 17.2.3 Three cube roots of i 


826 


These equalities imply that n@ = @ + 2k, where k is an integer. Thus, 


0 + 2kar 
— 2 


b= 


As k takes on the successive integer values k = 0, 1, 2,..., n — 1, we obtain n distinct roots with 
the same modulus but different arguments. But for k = n we obtain the same roots because the 
sine and cosine are 27r-periodic. To see this, suppose k = n + m, where m = 0, 1, 2,.... Then 


6+ 2(n + m)iar 0 + 2mi7r 


+ 
d - = 27 
0. 2 6+2, 
and so sing = sin(2* 22) , cos = cos (e2"7) 
n n 
We summarize this result. The 7 nth roots of a nonzero complex number z = r(cos 6 + isin @) 
are given by 
0 + 2k Oa 2k 
Wy = rt eos(* 2) + isin(2* 2) (10) 


where k = 0, 1, 2,..., n — 1. 


| EXAMPLE4 | Roots of a Complex Number 


Find the three cube roots of z = i. 


SOLUTION With r = 1, 6 = arg z = w/2, the polar form of the given number is 
z = cos(m/2) + i sin(77/2). From (10) with n = 3 we obtain 


a/2 + 2kar a/2 + 2k 
w, = (1)"7) cos a a + isin 2 , k=0,1,2. 


Hence, the three roots are 


7 _ 7 
k=0, wo = cos—+ isin— = Bee 

6 6 2 2 

St V3 
k=1, w, = cos — + isin =— Seat 
2 2 
k = 2, wpe ae = ae = 
. 2 2 


The root w of a complex number z obtained by using the principal argument of z with 
k = 0 is sometimes called the principal mth root of z. In Example 4, since Arg(i) = 7/2, 


Wo = V3/2 + (1/2)i is the principal third root of i. 

Since the roots given by (8) have the same modulus, the n roots of a nonzero complex 
number z lie on a circle of radius r'/” centered at the origin in the complex plane. Moreover, 
since the difference between the arguments of any two successive roots is 277/n, the nth roots 
of z are equally spaced on this circle. FIGURE 17.2.3 shows the three cube roots of i equally spaced 
on a unit circle; the angle between roots (vectors) w;, and w; +; is 27/3. 

As the next example will show, the roots of a complex number do not have to be “nice” 
numbers as in Example 3. 


| EXAMPLES | Roots of a Complex Number 


Find the four fourth roots of z= 1 +7. 
SOLUTION In this case, r = V2 and 6 = arg z = 77/4. From (10) with n = 4, we obtain 


a/4 + 2ka 7/4 + 2k 
Ww, = (V4 eos( #4) + isin( / A )I k = 0, 1, 2, 3. 
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The roots, rounded to four decimal places, are 


F= 0, j= CVD" con + isin z = 1.0696 + 0.2127i 


16 


[ 9 9 
k=1, w, = (V2)"4| cos — + isin | = —0.2127 + 1.0696i 


[ 4% 17 
k=2, w= (V2)"4| cos— + isin ue = —1,0696 — 0.2127: 


[ 25 25 
k= 3, w; = (V2)"4| cos + isin az = 0.2127 — 1.0696. 


16 16 
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In Problems 1-10, write the given complex number in polar form. 


1.2 2. -10 
a. —3i 4. 6i 
5 1+i 6. 5—5i 
LaVveay f —2 = 3/37 
3 12 
: ae 
a V3 +i 


In Problems 11-14, write the number given in polar form in the 
form a + ib. 


11 =5( Lae i) 
ae ne oe ie 


11 11 
12. z= 8V2( co ae + isin =) 


4 


13 o( fe ee 2) 
5 — cos — —— 
Z 8 1sin 8 


T T 
14. 7= 10( cos — + isin =) 
5 5 


In Problems 15 and 16, find z,z, and z,/z.. Write the number in 
the form a + ib. 


7 _. 307 _, 3a 
15. z) = 2 18 tte » 2 = 4\ cos 8 Te 


16. 7; = V2( cos + isin =), 


4 


7 7 
% = Valco — + isin ) 


12 12 


In Problems 17—20, write each complex number in polar form. 
Then use either (4) or (5) to obtain a polar form of the given 
number. Write the polar form in the form a + ib. 


17. (3 — 315 + 5V3i) 18. (4 + 4i)(-1 + i) 


=i V2 + Voi 


i 
2 - 2i = A/a 


In Problems 21—26, use (8) to compute the indicated power. 
21. (1+ V3i)? 


23. (4 + 3i)!° 


- _ ae \2 
25. (cos — + isin ) 
8 8 


2 2 ° 
: [V3(cos 2 + isin =) 


9 


22. (2 — 2i)° 


2. (-V2 + Voi)" 


nD 
a 


In Problems 27—32, use (10) to compute all roots. Sketch these 
roots on an appropriate circle centered at the origin. 


7. (3y" 
29. (i)! 
31. (-1 + V3!2 


28. (1)!/8 
30. (-14+ a!" 
32. (—1 — V3i)"4 


In Problems 33 and 34, find all solutions of the given equation. 


33. 7 +1=0 34. 2 —277+1=0 


In Problems 35 and 36, express the given complex number first 
in polar form and then in the form a + ib. 


7 _. a\? 7 _. a9\ip 
35. | cos — + isin — 2\| cos — + isin — 
9 9 6 6 
8{ cos — + isin — 
8 8 
2\| cos — + isin — 
16 16 


37. Use the result (cos 6 + i sin 6)? = cos 26 + i sin 26 to find 
trigonometric identities for cos 20 and sin 20. 


38. Use the result (cos 6 + i sin 6)? = cos 36 + i sin 36 to find 
trigonometric identities for cos 30 and sin 36. 


36. 


17.2 Powers and Roots | 827 


39. (a) Ifz, = —1 and z, = Si, verify that 40. For the complex numbers given in Problem 39, verify in both 


parts (a) and (b) that 


Arg(z)22) # Arg(z,) + Arg(z). 


arg(Z)2) = arg(z,) + arg(Z.) 


(b) If z; = —1 and z, = —5i, verify that 


Arg(Z;/Z) # Arg(zi) — Arg(Z,). 


FIGURE 17.3.1 Circle of radius p 


£0 


FIGURE 17.3.2 Open set 


Zz 
and ara( =) = arg(z,) — arg(z,). 
2 


173 | Sets in the Complex Plane 


INTRODUCTION Inthe preceding sections we examined some rudiments of the algebra and 
geometry of complex numbers. But we have barely scratched the surface of the subject known 
as complex analysis; the main thrust of our study lies ahead. Our goal in the sections and chapters 
that follow is to examine functions of a single complex variable z = x + iy and the calculus of 
these functions. 

Before introducing the notion of a function of a complex variable, we need to state some 
essential definitions and terminology about sets in the complex plane. 


Hi Terminology Before discussing the concept of functions of a complex variable, we need 
to introduce some essential terminology about sets in the complex plane. 


Suppose Zp = Xp + iyo. Since |z — Z| = Vx — xo)” + (y — yo)’ is the distance between the 
points z = x + iy and zp) = xo + iyo, the points z = x + iy that satisfy the equation 


z= al =p 


p > 0, lie on a circle of radius p centered at the point zy. See FIGURE 17.3.1. 


| EXAMPLE1 | Circles 


(a) |z| = 1 is the equation of a unit circle centered at the origin. 
(b) |z — 1 — 2i| = 5 is the equation of a circle of radius 5 centered at 1 + 2i. = 


The points z satisfying the inequality |z — z| <p, p > O, lie within, but not on, a circle of 
radius p centered at the point zp. This set is called a neighborhood of z,) or an open disk. A 
point zy is said to be an interior point of a set S of the complex plane if there exists some neigh- 
borhood of Zp that lies entirely within S. If every point z of a set S is an interior point, then S is 
said to be an open set. See FIGURE 17.3.2. For example, the inequality Re(z) > 1 defines a right 
half-plane, which is an open set. All complex numbers z = x + iy for which x > 1 are in this 
set. If we choose, for example, z) = 1.1 + 2i, then a neighborhood of zy lying entirely in the set 
is defined by |z — (1.1 + 27)| < 0.05. See FIGURE 17.3.3. On the other hand, the set S of points in 
the complex plane defined by Re(z) = 1 is not open, since every neighborhood of a point on the 
line x = 1 must contain points in S and points not in S. See FIGURE 17.3.4. 


Iz—(1.1 + 211 < 0.05 


not in § 


x=1 


FIGURE 17.3.3 Open set magnified view FIGURE 17.3.4 Set S is not open 
of a point near x = 1 
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FIGURE 17.3.6 Connected set 


| EXAMPLE2 | Open Sets 


FIGURE 17.3.5 illustrates some additional open sets. 


—- 


Im(z) < 0 -1 <Re(z) <1 
lower half-plane infinite strip 
(a) (b) 
y 
¥ 
ee es >. 
oe y ll ‘y 
a ‘\ fr wa, ‘ 
/ \ _ h 
t t x 4 \—r x 
q 4 \ \ A I 
| of \ Spe | 
N a / 
SS yy 
Izl>1 1<lzd<2 
exterior of unit circle circular ring 


(c) (d) 


FIGURE 17.3.5 Four examples of open sets 


The set of numbers satisfying the inequality 
Pi < |Z — Zo| < Po 


such as illustrated in Figure 17.3.5(d), is called an open annulus. 

If every neighborhood of a point zy contains at least one point that is in a set S and at least 
one point that is not in S, then Zy is said to be a boundary point of S. The boundary of a set $ 
is the set of all boundary points of S. For the set of points defined by Re(z) = 1, the points on 
the line x = 1 are boundary points. The points on the circle |z — i] = 2 are boundary points for 
the disk |z — i] = 2. 

If any pair of points z, and z, in an open set S can be connected by a polygonal line that lies 
entirely in the set, then the open set S is said to be connected. See FIGURE 17.3.6. An open connected 
set is called a domain. All the open sets in Figure 17.3.5 are connected and so are domains. The 
set of numbers satisfying Re(z) # 4 is an open set but is not connected, since it is not possible 
to join points on either side of the vertical line x = 4 by a polygonal line without leaving the set 
(bear in mind that the points on x = 4 are not in the set). 

A region is a domain in the complex plane with all, some, or none of its boundary points. 
Since an open connected set does not contain any boundary points, it is automatically a region. 
A region containing all its boundary points is said to be closed. The disk defined by |z — i| = 2 
is an example of a closed region and is referred to as a closed disk. A region may be neither open 
nor closed; the annular region defined by 1 = |z — 5| < 3 contains only some of its boundary 
points and so is neither open nor closed. 


REMARKS 


Often in mathematics the same word is used in entirely different contexts. Do not confuse the 
concept of “domain” defined in this section with the concept of the “domain of a function.” 
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| 17.3 — Exercises Answers to selected odd-numbered problems begin on page ANS-40. 


In Problems 1-8, sketch the graph of the given equation. 15. Re(z’) > 0 16. Im(1/z) < + 
1. Re(z) =5 2. Im(z) = —2 17. 0 S arg (z) S$ 27/3 18. |arg (z)| < 77/4 
3. Im(z + 31) = 6 19. |z—i| > 1 20. |z—ij>0 
4. Im(z — i) = Re(z + 4 — 30) a. 2<|z—i| <3 2. l=|z-1-ij)<2 


5. |z— 3i| =2 
1. |z-4+3i] =5 


In Problems 9-22, sketch the set of points in the complex plane 


6. |2c+ 1) =4 23. 
8. |c+2+2i)=2 


Describe the set of points in the complex plane that satisfies 
lz + 1] =|z-i|. 


24. Describe the set of points in the complex plane that satisfies 


satisfying the given inequality. Determine whether the set is a |Re@)| = |2|- 
domain. 25. Describe the set of points in the complex plane that satisfies 
gtz =2. 
ees el aa hg 26. Describe the set of points in th lex plane that satisfi 
i. Im() >3 12 Tate — <5 . Describe the set of points in the complex plane that satisfies 


13. 2<Re(z— 1) <4 


domain of f range of f 


(a) z-plane 


(b) w-plane 


FIGURE 17.4.1 Mapping from z-plane to 
w-plane 
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jz-—ipt+|zti=l. 


14. —1 =Im(z) <4 


17.4 Functions of a Complex Variable 


INTRODUCTION One of the most important concepts in mathematics is that of a function. You 
may recall from previous courses that a function is a certain kind of correspondence between two 
sets; more specifically: A function f from a set A to a set B is a rule of correspondence that assigns 
to each element in A one and only one element in B. If b is the element in the set B assigned to the 
element a in the set A by f, we say that b is the image of a and write b = f(a). The set A is called 
the domain of the function f (but is not necessarily a domain in the sense defined in Section 17.3). 
The set of all images in B is called the range of the function. For example, suppose the set A is a set 
of real numbers defined by 3 < x < co and the function is given by f(x) = Vx — 3; then f(3) = 0, 
f(4) = 1,f(8) = V5, and so on. In other words, the range of fis the set given by 0 < y < oo. Since 
A is a set of real numbers, we say fis a function of a real variable x. 


Hi Functions of a Complex Variable When the domain A in the foregoing definition 
of a function is a set of complex numbers z, we naturally say that fis a function of a complex 
variable z or a complex function for short. The image w of a complex number z will be some 
complex number u + iv; that is, 


w = f(z) = u(x, y) + iv(x, y), (1) 


where u and v are the real and imaginary parts of w and are real-valued functions. Inherent in the 
mathematical statement (1) is the fact that we cannot draw a graph of a complex function w = f(z) 
since a graph would require four axes in a four-dimensional coordinate system. 
Some examples of functions of a complex variable are 
f@=2-4z, z any complex number 
a. 
2+ 


f(2 =z + Re(z), 


f(2) = z#iandz # —i 


zany complex number. 
Each of these functions can be expressed in form (1). For example, 
f{Q@=2 iy) = (7 — y? — 4x) + i(2xy — 4y). 


Thus, u(x, y) = x? — y’ — 4x, and v(x, y) = 2xy — 4y. 
Although we cannot draw a graph, a complex function w = f(z) can be interpreted as a mapping 
or transformation from the z-plane to the w-plane. See FIGURE 17.4.1. 


4z = (x + iy) — 404 
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u=1-—v2/4 


(a) z-plane 


(b) w-plane 


FIGURE 17.4.2 Image of x = 1 isa 
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FIGURE 17.4.3 f,(z) = z (normalized) 


FIGURE 17.4.4 f,(z) = 2? (normalized) 


| EXAMPLE1 | Image of a Vertical Line 


Find the image of the line Re(z) = 1 under the mapping f(z) = z’. 


SOLUTION For the function f(z) = z° we have u(x, y) = x? — y* and v(x, y) = 2xy. Now, 
Re(z) = x and so by substituting x = 1 into the functions u and v, we obtain u = 1 — y’ and 
v = 2y. These are parametric equations of a curve in the w-plane. Substituting y = v/2 into 
the first equation eliminates the parameter y to give u = 1 — v’/4. In other words, the image 
of the line in FIGURE 17.4.2(a) is the parabola shown in Figure 17.4.2(b). = 


We shall pursue the idea of f(z) as a mapping in greater detail in Chapter 20. 

It should be noted that a complex function is completely determined by the real-valued 
functions u and v. This means a complex function w = f(z) can be defined by arbitrarily specifying 
u(x, y) and v(x, y), even though u + iv may not be obtainable through the familiar operations on the 
symbol z alone. For example, if u(x, y) = xy’ and v(x, y) = x° — 4y’, then f(z) = xy? + iG? — 4y°) 
is a function of a complex variable. To compute, say, f(3 + 2i), we substitute x = 3 and y = 2 
into u and v to obtain f(3 + 27) = 12 — 231. 


il Complex Functions as Flows We also may interpret a complex function w = f(z) 
as a two-dimensional fluid flow by considering the complex number f(z) as a vector based 
at the point z. The vector f(z) specifies the speed and direction of the flow at a given point z. 
FIGURES 17.4.3 and 17.4.4 show the flows corresponding to the complex functions f,(z) = z and 
f(z) = 2°, respectively. 

If x(t) + iy(2) is a parametric representation for the path of a particle in the flow, the tangent 
vector T = x'(t) + iy'(f) must coincide with f(x(t) + iy(t)). When f(z) = u(x, y) + iv, y), it 
follows that the path of the particle must satisfy the system of differential equations 


d 
rm = u(x, y) 
d 

a, = My): 


We call the family of solutions of this 
with f(z). 


| EXAMPLE2 | Streamlines 


Find the streamlines of the flows associated with the complex functions (a) f\(z) = z and 


(b) f(z) = 2°. 
SOLUTION (a) The streamlines corresponding to f,(z) = x — iy satisfy the system 


system the streamlines of the flow associated 


dx _ 
dt 
ay 


“a 


and so x(t) = cye’ and y(t) = c,e ". By multiplying these two parametric equations, we see 
that the point x(t) + iy(Z) lies on the hyperbola xy = c,co. 

(b) To find the streamlines corresponding to f,(z) = (x7? — y’) + i2xy, note that dx/dt = x° — y’, 
dy/dt = 2xy, and so 


dx x? -y 


This homogeneous differential equation has the solution x° + y’ = cy, which represents a 


family of circles that have centers on the y-axis and pass through the origin. = 


]| Limits and Contin uity The definition of a limit of a complex function f(z) as z > zp 
has the same outward appearance as the limit in real variables. 
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(a) 6-neighborhood 


(b) e€-neighborhood 


FIGURE 17.4.5 Geometric meaning of a 


complex limit 
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Definition 17.4.1 Limit of a Function 


Suppose the function fis defined in some neighborhood of zo, except possibly at zy itself. Then 
fis said to possess a limit at z,, written 


lim f(z) = L 


L% 


if, for each e > 0, there exists a 6 > O such that | f(z) — L| < e whenever 0 < |z — Z| <6. 


In words, lim,_,., f(z) = L means that the points f(z) can be made arbitrarily close to the 
point L if we choose the point z sufficiently close to, but not equal to, the point zy. As shown in 
FIGURE 17.4.5, for each e-neighborhood of L (defined by | f(z) — L| < e) there is a 6-neighborhood 
of Zo (defined by |z — Z| < 6) so that the images of all points z # zp in this neighborhood lie in 
the e-neighborhood of L. 

The fundamental difference between this definition and the limit concept in real variables 
lies in the understanding of z — zp. For a function fof a single real variable x, lim,_,,, f(x) = L 
means f(x) approaches L as x approaches x, either from the right of xy or from the left of 
Xq on the real number line. But since z and Zp are points in the complex plane, when we say 
that lim,_,.. f(z) exists, we mean that f(z) approaches L as the point z approaches Z) from 
any direction. 

The following theorem summarizes some properties of limits: 


Theorem 17.4.1 Limit of Sum, Product, Quotient 


Suppose lim,_,.. f(z) = L, and lim__,., g(z) = L. Then 


() a Ae CN SE E75) 


(ii) EAR (gt) = LiL, 


Zeal) | 1p 


Definition 17.4.2 Continuity at a Point 


A function fis continuous at a point zy if 


a F(@) = fo). 


As a consequence of Theorem 17.4.1, it follows that if two functions f and g are continuous 
at a point Zo, then their sum and product are continuous at Z). The quotient of the two functions 
is continuous at Z) provided g(Z)) # 0. 


A function f defined by 
F(@ = Anz" =F a ae et Ge az” at az of a0, ay a 0, (2) 
where n is a nonnegative integer and the coefficients a,, i = 0, 1,..., , are complex constants, 
is called a polynomial of degree n. Although we shall not prove it, the limit result lim z = Z 


indicates that the simple polynomial function f(z) = z is continuous everywhere—that is, on 
the entire z-plane. With this result in mind and with repeated applications of Theorem 17.4.1 (i) 
and (ii), it follows that a polynomial function (2) is continuous everywhere. A rational 
function 


_ 8) 
i> ho 


where g and / are polynomial functions, is continuous except at those points at which h(z) is zero. 
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Hi Derivative Thederivative of a complex function is defined in terms of a limit. The symbol Az 
used in the following definition is the complex number Ax + iAy. 


Definition 17.4.3 Derivative 


Suppose the complex function fis defined in a neighborhood of a point zp. The derivative of 
fat Zp is 


fgg te AZ) = (Zp) 
Az 


(3) 


/ i li 
Us a 
provided this limit exists. 


If the limit in (3) exists, the function f is said to be differentiable at z). The derivative of a 
function w = f(z) is also written dw/dz. 
As in real variables, differentiability implies continuity: 


If f is differentiable at zo, then f is continuous at Zo. 


Moreover, the rules of differentiation are the same as in the calculus of real variables. If fand g 
are differentiable at a point z, and c is a complex constant, then 


Constant Rules: a e=0, . cf(z) = cf'@ (4) 
dz dz 

Sains Tule: ol f + g@1=S'@ + 8'@ (5) 

Product Rule: ral f@g@] = f@ge'® + g@DFf'@ (6) 

. _ alf@|_ s@f'@ — f@s'@ 

Quotient Rule: = 2 = eo? (7) 
d 

Chain Rule: = F(g)) = f'(g(@)g'(2). (8) 


The usual Power Rule for differentiation of powers of z is also valid: 


d : 
—z" =nz""', nan integer. (9) 


dz 


| EXAMPLE3 | Using the Rules of Differentiation 


2 


Differentiate (a) f(z) = 3z4 — 5z° + 2z and (b) f(z) = 


4z+ 1 

SOLUTION (a) Using the Power Rule (9) along with the Sum Rule (5), we obtain 
P@H3 +40 — 5532 +2 = 129 — 152° + 2. 

(b) From the Quotient Rule (7), 


(42 + 1)-2z-— 27-4 9 427 + 22 
(4z + 1) (4z + 1)? 


f'@ = 


Z% + Az) — fz 
In order for a complex function f to be differentiable at a point zp, lim fle = P(e) 
Az—0 z 


must approach the same complex number from any direction. Thus in the study of complex 
variables, to require the differentiability of a function is a greater demand than in real variables. 
If a complex function is made up, such as f(z) = x + 4iy, there is a good chance that it is not 
differentiable. 
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| EXAMPLE4 | A Function That ls Nowhere Differentiable 


Show that the function f(z) = x + 4iy is nowhere differentiable. 
SOLUTION With Az = Ax + iAy, we have 
f(z + Az) — f(z) = (x + Ax) + 4i(y + Ay) — x — 4iy = Ax + 4iAy 


4 i f(z + Az) — f(@) Ax + 4iAy (10) 
ar, Arvo Az i Ae iAy— 


Now, if we let Az > 0 along a line parallel to the x-axis, then Ay = 0 and the value of (10) is 1. 
On the other hand, if we let Az— 0 along a line parallel to the y-axis, then Ax = 0 and the value 
of (10) is seen to be 4. Therefore, f(z) = x + 4iy is not differentiable at any point z. = 


Hi Analytic Functions While the requirement of differentiability is a stringent demand, 
there is a class of functions that is of great importance whose members satisfy even more severe 
requirements. These functions are called analytic functions. 


Definition 17.4.4 Analyticity at a Point 


A complex function w = f(z) is said to be analytic at a point z, if fis differentiable at z) and 
at every point in some neighborhood of Zo. 


A function fis analytic in a domain D if it is analytic at every point in D. 

The student should read Definition 17.4.4 carefully. Analyticity at a point is a neighborhood 
property. Analyticity at a point is, therefore, not the same as differentiability at a point. It is left 
as an exercise to show that the function f(z) = Iz| is differentiable at z = 0 but is differentiable 
nowhere else. Hence, f(z) = |z lk is nowhere analytic. In contrast, the simple polynomial f(z) = 2” 
is differentiable at every point z in the complex plane. Hence, f(z) = 2” is analytic everywhere. 
A function that is analytic at every point z is said to be an entire function. Polynomial functions 
are differentiable at every point z and so are entire functions. 


REMARKS 


Recall from algebra that a number c is a zero of a polynomial function if and only if x — c 
is a factor of f(x). The same result holds in complex analysis. For example, since 
f(@2) =274+524+4= (2 + 1)(c + 4), the zeros of f are —i, i, —2i, and 2i. Hence, 
f(@) = + DE — 1I(z + 21(z — 21). Moreover, the quadratic formula is also valid. For 


example, using this formula, we can write 
(@l= a= 22 2 (1 ig (l=) 
= (6 = I= Die — Il a). 
See Problems 21 and 22 in Exercises 17.4. 


| 17.4 | Exercises Answers to selected odd-numbered problems begin on page ANS-40. 


In Problems 1-6, find the image of the given line under the map- 1. f@ =6z2-3 +91 


ping f(z) = 2°. 


1. y=2 2.x=-3 _ 2 . — 252 
9 f(Q=2—-3¢+4 10. =372+2 
3.x-0 4. y=0 f@ = 2° -— 324+ 4i f(z) = 3z z 
5. y=x y= =x 11. f@ =z —4z 12. f(z) = 24 
z 
In Problems 7-14, express the given function in the form 13. f(z) =z + Iz 14. f(2) = a7 


(2) =urtiv. 
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8 f(z) =7z — 9iz —3 + 2i 


In Problems 15-18, evaluate the given function at the indicated 
points. 


15. f(z) = 2x - y + i(xy? — 2x7 + 1) 


(a) 27 (b) 2-i (c) 5+ 3: 
16. f(z) = («+14 Ife) + i(4r - 2y - 4) 

(a) 1 +i (b) 2-i (c) 1+ 4i 
17. f(z) = 42 + iz + Re(z) 

(a) 4 — 67 (b) —5 + 12i (c) 2-7 
18. f(z) =e’ cosy + ie‘ sin y 

(a) 7i/4 (b) —1— ai (c) 3 + wi/3 


In Problems 19-22, the given limit exists. Find its value. 


19. lim(4z* — 5z* + 4z + 1 — Si) 


£1 


~ 527-27 +2 
20. lim ————_ 
zol-i Z + 1 
4 2: 
oa = 27 +:2 
21. lim ~ 22. lim ~—~“* 
zi ZT zolti Zz — 2 


In Problems 23 and 24, show that the given limit does not exist. 


. 2 eae Gy = 
23. lim — 24. lim —————— 
200 & zl Z= 1 


In Problems 25 and 26, use (3) to obtain the indicated derivative 
of the given function. 


5. f(z)=2, f(z) = 2z 
26. f(z) = lz, fl@=-Uue2 


In Problems 27—34, use (4)-(8) to find the derivative f’(z) for 
the given function. 


27. f(z) = 43 -(3+i)2—-52+4 
28. f(z) = 524 -— ig + (8 —dDe — bi 


29. f(z) = (2z + 1)(2’ — 4z + 8i) 
30. f(z) = (2 + 3iz’)(z* + iz’ + 22° — 6iz) 
31. f(@) = @ — 4iy 32. f(z) = (2z — 1/2) 


3z —44 Bi 527 —2z 
33. = —__ 34. = 
F@) 2 +i 10 a4 


In Problems 35-38, give the points at which the given function 
will not be analytic. 


Z 2i 
35. = 36. = > 
f@) z= 3t f@ Zz? — 22 + Siz 
3 is 
Zoe Z z-443i 
37. = 38. = > 
f(@) Pad f@) ob + 25 


39. Show that the function f(z) = z is nowhere differentiable. 

40. The function f(z) = Iz’ is continuous throughout the entire 
complex plane. Show, however, that fis differentiable only at 
the point z = 0. [Hint: Use (3) and consider two cases: z = 0 
and z # 0. In the second case let Az approach zero along a 
line parallel to the x-axis and then let Az approach zero along 
a line parallel to the y-axis. ] 


In Problems 41-44, find the streamlines of the flow associated 
with the given complex function. 


ae 42. fle) = iz 
43. f(z) = Vz 4. fi) =x - iy 


In Problems 45 and 46, use a graphics calculator or computer 
to obtain the image of the given parabola under the mapping 


f@=z7. 
45. y= 5x7 46. y=(x-1) 
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INTRODUCTION In the preceding section we saw that a function f of a complex variable z is 
analytic at a point z when f is differentiable at z and differentiable at every point in some neigh- 
borhood of z. This requirement is more stringent than simply differentiability at a point because 
a complex function can be differentiable at a point z but yet be differentiable nowhere else. A 
function fis analytic in a domain D if fis differentiable at all points in D. We shall now develop 
a test for analyticity of a complex function f(z) = u(x, y) + iv(x, y). 


qi A Necessary Condition for Analyticity Inthe next theorem we see that if a function 
(2 = uG, y) + iv, y) is differentiable at a point z, then the functions u and v must satisfy a pair 
of equations that relate their first-order partial derivatives. This result is a necessary condition 


for analyticity. 


Theorem 17.5.1 


Cauchy—Riemann Equations 


Suppose f(z) = u(x, y) + iv(x, y) is differentiable at a point z = x + iy. Then at z the first-order 
partial derivatives of u and v exist and satisfy the Cauchy—Riemann equations 


= and =—-—_ (1) 
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PROOF: Since f’(z) exists, we know that 


fle + Az) — f@) 
m " 
0 Az 


f'@ = li (2) 


By writing f(z) = u(x, y) + iv(x, y) and Az = Ax + iAy, we get from (2) 


u(x + Ax,y + Ay) + iva + Ax, y + Ay) — u(x, y) — iv, y) 
Ax + iAy : 


(3) 


f'® = lim 
Az—0 


Since this limit exists, Az can approach zero from any convenient direction. In particular, if 
Az — 0 horizontally, then Az = Ax and so (3) becomes 


+ Ax, y) — ux, + Ax, y) — v(x, 
f'@ = lim u(x x,y) — ux, y) 4 iien v(x x,y) — v(x y) (4) 
Ax30 Ax Ax30 Ax 


Since f’(z) exists, the two limits in (4) exist. But by definition the limits in (4) are the first partial 
derivatives of u and v with respect to x. Thus, we have shown that 


Ov 


pede co ME 
Pay te (5) 


Now if we let Az — 0 vertically, then Az = iAy and (3) becomes 


,y + Ay) — u(x, ,y + Ay) — vx, 
f'(Q = lim u(x, y Ay) u(x, y) Sea vx, y Ay) v(x ») (6) 
Ay0 iAy Ay>0 iAy 


which is the same as 


2 _ Ou 4 ov 
Lb 
oy oy 


Equating the real and imaginary parts of (5) and (7) yields the pair of equations in (1). = 


If acomplex function f(z) = u(x, y) + iv(x, y) is analytic throughout a domain D, then the real 
functions u and v must satisfy the Cauchy—Riemann equations (1) at every point in D. 


| EXAMPLE1 | Using the Cauchy—Riemann Equations 


The polynomial f(z) = z? + zis analytic for all z and f(z) = x” — y? + x + i(2xy + y). Thus, 
u(x, y) = x° — y’ + x and v(x, y) = 2xy + y. For any point (x, y), we see that the Cauchy— 
Riemann equations are satisfied: 


Ou _ ov Ou ov 


=2x+1= and = —-2y= : 
Ox oy oy : Ox 


| EXAMPLE2 | Using the Cauchy—Riemann Equations 


Show that the function f(z) = (2x? + y) + i(y? — x) is not analytic at any point. 
SOLUTION We identify u(x, y) = 2x? + y and v(x, y) = y’ — x. Now from 


ou ov 

— = 4x and — = 2y 
Ox oy 

) C) 
“~=1 and “=-1 
oy Ox 


we see that du/dy = —dv/ox but that the equality du/ax = av/dy is satisfied only on the line 
y = 2x. However, for any point z on the line, there is no neighborhood or open disk about z in 


which fis differentiable. We conclude that fis nowhere analytic. = 
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Important. > 


By themselves, the Cauchy—Riemann equations are not sufficient to ensure analyticity. 
However, when we add the condition of continuity to u and v and the four partial derivatives, 
the Cauchy—Riemann equations can be shown to imply analyticity. The proof is long and com- 
plicated and so we state only the result. 


Theorem 17.5.2 _— Criterion for Analyticity 


Suppose the real-valued functions u(x, y) and v(x, y) are continuous and have continuous 
first-order partial derivatives in a domain D. If u and v satisfy the Cauchy—Riemann equations 
at all points of D, then the complex function f(z) = u(x, y) + iv(a, y) is analytic in D. 


| EXAMPLE3 | Using Theorem 17.5.2 


x : y 


For the function f(z) = =i we have 
Fie) ety ety 
ou aa dv d ou 2xy dv 
= = an = Fe 
ax. (x? +’)? ay ay (x? + y’y ax 


In other words, the Cauchy—Riemann equations are satisfied except at the point where 
x° + y? = 0; that is, at z = 0. We conclude from Theorem 17.5.2 that f is analytic in any 
domain not containing the point z = 0. = 


The results in (5) and (7) were obtained under the basic assumption that f was differentiable 
at the point z. In other words, (5) and (7) give us a formula for computing f'(z): 
ov ov Ou 


ou 
‘(z) = +i = =i. 
F@) Ox "ax oy ay (8) 


For example, we know that f(z) = z’ is differentiable for all z. With u(x, y) = x* — y’, au/ax = 2x, 
V(x, y) = 2xy, and dv/ax = 2y, we see that 


f'(2) = 2x + i2y = 2x + iy) = 2z. 


Recall that analyticity implies differentiability but not vice versa. Theorem 17.5.2 has an analogue 
that gives sufficient conditions for differentiability: 


If the real-valued functions u(x, y) and v(x, y) are continuous and have continuous first- 
order partial derivatives in a neighborhood of z, and if uand v satisfy the Cauchy—Riemann 
equations at the point z, then the complex function f(z) = u(x, y) + iv(x, y) is differentiable 
at z and f'(z) is given by (8). 


The function f(z) = x* — y’i is nowhere analytic. With the identifications u(x, y) = x? and 
v(x, y) = —y’, we see from 


ou Ov ou ov 
= 2x, = —2y and —=0,—=0 
Ox oy oy Ox 
that the Cauchy—Riemann equations are satisfied only when y = —x. But since the functions u, 


du/ox, duldy, v, dv/ax, and dv/dy are continuous at every point, it follows that fis differentiable on 
the line y = —x and on that line (8) gives the derivative f'(z) = 2x = —2y. 


| Harmonic Functions We saw in Chapter 13 that Laplace’s equation @u/ax + Pu/ay” = 0 
occurs in certain problems involving steady-state temperatures. This partial differential equation 
also plays an important role in many areas of applied mathematics. Indeed, as we now see, the 
real and imaginary parts of an analytic function cannot be chosen arbitrarily, since both u and v 
must satisfy Laplace’s equation. It is this link between analytic functions and Laplace’s equation 
that makes complex variables so essential in the serious study of applied mathematics. 


Definition 17.5.1 Harmonic Functions 


A real-valued function (x, y) that has continuous second-order partial derivatives ina domain D 
and satisfies Laplace’s equation is said to be harmonic in D. 
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Theorem 17.5.3 A Source of Harmonic Functions 


Suppose f(z) = u(x, y) + iv(, y) is analytic in a domain D. Then the functions u(x, y) and 
v(x, y) are harmonic functions. 


We will see in Chapter 18 that }} PROOF: In this proof we shall assume that wu and v have continuous second-order partial 


an analytic function possesses 
derivatives of all orders. 


derivatives. Since fis analytic, the Cauchy—Riemann equations are satisfied. Differentiating both 
sides of du/dx = dv/dy with respect to x and differentiating both sides of du/dy = —dv/ax with respect 
to y then give 
aru av au ay 
5 = and 5 = : 
Ox" Ox OY oy” dy Ox 


With the assumption of continuity, the mixed partials are equal. Hence, adding these two equa- 
tions gives 

au au ae 
ax? ay? ; 


This shows that u(x, y) is harmonic. 
Now differentiating both sides of du/dx = dv/dy with respect to y and differentiating both sides 
of du/dy = —av/ox with respect to x and subtracting yield 


av ay _ 


ax? oy” 


~) 
| 
S 
Hl 


I| Harmonic Conjugate Functions If f(z) = u(x, y) + iv, y) is analytic in a domain D, 
then uw and v are harmonic in D. Now suppose u(x, y) is a given function that is harmonic in D. 
It is then sometimes possible to find another function v(x, y) that is harmonic in D so that 
u(x, y) + iv(x, y) is an analytic function in D. The function v is called a harmonic conjugate 
function of u. 


| EXAMPLE4 | Harmonic Function/Harmonic Conjugate Function 


(a) Verify that the function u(x, y) = x° — 3xy? — 5y is harmonic in the entire complex plane. 
(b) Find the harmonic conjugate function of u. 


SOLUTION (a) From the partial derivatives 


Ou 2 4 Ou Ou ou 
— = 3x* — 3y’, 
Ox Ox oy 


we see that u satisfies Laplace’s equation: 


(b) Since the harmonic conjugate function v must satisfy the Cauchy—Riemann equations, 
we must have 


0 0 0 0 
T= a3? -3y? and «= = —— = oy $5. (9) 
oy Ox Ox oy 
Partial integration of the first equation in (9) with respect to y gives v(x, y) = 3x°y — y* + h(x). 
From this we get 


ov 
— = 6xy + h'(x). 
Ox 
Substituting this result into the second equation in (9) gives h'(x) = 5, and so A(x) = 5x + C. 


Therefore, the harmonic conjugate function of wis v(x, y) = 3x°y — y? + 5x + C. The analyti 
function is f(z) = x° — 3xy’ — 5y + ix’y — y? + 5x + C). = 
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REMARKS 


Suppose u and v are the harmonic functions that comprise the real and imaginary parts of an 
analytic function f(z). The level curves u(x, y) = c, and v(x, y) = c> defined by these functions 
form two orthogonal families of curves. See Problem 32 in Exercises 17.5. For example, the 


level curves generated by the simple analytic function f(z) = z = x + iy are x = c, andy = c). 
The family of vertical lines defined by x = c, is clearly orthogonal to the family of horizontal 
lines defined by y = cy. In electrostatics, if u(x, y) = c, defines the equipotential curves, then 
the other, and orthogonal, family v(x, y) = c> defines the lines of force. 


| 17.5 | |Exercises Answers to selected odd-numbered problems begin on page ANS-40. 


In Problems 1 and 2, the given function is analytic for all z. In Problems 17—20, show that the given function is not analytic 
Show that the Cauchy—Riemann equations are satisfied at every at any point but is differentiable along the indicated curve(s). 
poms 17. f(z) =x? + y* + 2xyi; x-axis 
. f(@ =z . f(@) = 3z z— 61 18. f(z) = 3x°y~ — 6x*yi; coordinate axes 
1 f@Q=ae 2. f(z) = 32 + 52-6 8. f(z) = 3x°y? — 6x’y? d 
In Problems 3-8, show that the given function is not analytic at 19. f(z) = x° + 3xy* — x + iy’ + 3x*y — y); coordinate axes 
any point. 0. f@=x —x+y+ io? —Sy—a)syeuxt2 
3. f(2) = Re(2) AM fA=y4su 21. Use (8) to find the Genivanlve of the function in Problem 9. 
= 5 22. Use (8) to find the derivative of the function in Problem 11. 
5. f(z) =4z-— 67+ 3 6. f(z) =z 
1 fQ=x+y? In Problems 23-28, verify that the given function u is harmonic. 
, y Find v, the harmonic conjugate function of u. Form the corre- 
8. f(x) = oa y +1 x + y¥ sponding analytic function f(z) = u + iv. 


In Problems 9-14, use Theorem 17.5.2 to show that the given 23. u(x, y) = x 24. u(x, y) = 2x — Qxy 


function is analytic in an appropriate domain. 25. u(x, y) =x" — y” 

26. u(x, y) = 4xy> — 4x¢*y + x 

27. u(x, y) = log. + y*) 

28. u(x, y) = e'(xcos y — ysin y) 


9. f(z) =e’ cos y + ie’ siny 

10. f(z) =x + sinx cosh y + i(y + cos x sinh y) 
11. f(2 = e* cos 2xy + ie*-” sin 2xy 

12. fl) = 4x2 + 5x — Ay? +9 + i(Bxy + 5y —1) 29. Sketch the level curves ut y) = c, and v(x, y) = cy of the 
analytic function f(z) = z°. 


x- 1 y 
13. = =o - ‘ : = : 
f@ @= if es? 1 Gaye, 30. Sonsiet the macnn I (2) = 1/z. i nile level curves. 
SS xy re xy 4 y? -_ 31. Consider the function f(z) = z + 1/z. Describe the level curve 
14. f(x) = 74 +i 24 v(x, y) = 0. 
. y - y 32. Suppose u and v are the harmonic functions forming the real 
In Problems 15 and 16, find real constants a, b, c, and d so that and imaginary parts of an analytic function. Show that the 
the given function is analytic. level curves u(x, y) = c, and v(x, y) = c, are orthogonal. [ Hint: 
15. f= 3x-y+5+ tax + by-3) Consider the gradient of u and the gradient of v. Ignore the 


case where a gradient vector is the zero vector. 
16. f(z) = e+ axy + by* + (cx + dxy + y’) g 
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INTRODUCTION In this and the next section, we shall examine the exponential, logarithmic, 
trigonometric, and hyperbolic functions of a complex variable z. Although the definitions of 
these complex functions are motivated by their real variable analogues, the properties of these 
complex functions will yield some surprises. 


il Exponential Function Recall that in real variables the exponential function f(x) = e* 
has the properties 


f'Q) =f@) and fy + %») = fof). (1) 
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We certainly want the definition of the complex function f(z) = e*, where z = x + iy, to reduce 
e* for y = 0 and to possess the same properties as in (1). 

We have already used an exponential function with a pure imaginary exponent. Euler’s 
formula, 


e =cosy +isiny, y areal number, (2) 


played an important role in Section 3.3. We can formally establish the result in (2) by using the 
Maclaurin series for e* and replacing x by iy and rearranging terms: 


a OO gy GOL OE. 


y 
i= Ck! 2! 3! 4! 
Maclaurin series for b> yr y y® . y ¥ y’ 
cos y and sin y. -(1-3 arr ~ 6! tee) +i yo art By A 


= cosy + isiny. 
For z = x + iy, it is natural to expect that 
ery = ee” 
and so by (2), e**” = e*(cosy + isiny). 


Inspired by this formal result, we make the following definition. 


Definition 17.6.1 Exponential Function 


eats ty 


é=e e“(cos y + isin y). (3) 


The exponential function e* is also denoted by the symbol exp z. Note that (3) reduces to e* when 


y=0. 
| EXAMPLE1 | Complex Value of the Exponential Function 
Evaluate e!7**”", 


SOLUTION With the identifications x = 1.7 and y = 4.2 and the aid of a calculator, we have, 
to four rounded decimal places, 


e!” cos 4.2 = —2.6837 and e!7 sin 4.2 = —4.7710. 


It follows from (3) that e!7*47/ = —2.6837 — 4.7710i. = 


The real and imaginary parts of e*, u(x, y) = e* cos y and v(x, y) = e* sin y, are continuous 
and have continuous first partial derivatives at every point z of the complex plane. Moreover, the 
Cauchy—Riemann equations are satisfied at all points of the complex plane: 


Ou ov Ou . ov 
— = e*cosy = — and — = -e*siny = -——. 
Ox oy oy Ox 


It follows from Theorem 17.5.2 that f(z) = e* is analytic for all z; in other words, fis an entire 
function. 


Il Properties We shall now demonstrate that e* possesses the two desired properties given 
in (1). First, the derivative of fis given by (5) of Section 17.5: 


f'@ =e cosy + i(e* sin y) = e*(cos y + isin y) = f(z). 


As desired, we have established that 
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FIGURE 17.6.1 Values of f(z) = e* at the 
four points are the same 
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FIGURE 17.6.2 Flow over the fundamental 
region 


Second, if z; = x, + iy, and z) = x, + iy, then by multiplication of complex numbers and the 
addition formulas of trigonometry, we obtain 


f(z) f(s) = e“(cos y; + isin y,) e(cos y, + isin yo) 
= e“*™[(cos y,cos y. — sin y,sin y)) + i(sin y,cos y, + cos y,sin y>)] 
= e“**[(cos(y, + yz) + isin(y, + y2)] = flay + %). 
In other words, Cig? = ens (4) 


It is left as an exercise to prove that 


e 


= e =e 
e” 


il Periodicity Unlike the real function e*, the complex function f(z) = e* is periodic with 
the complex period 277i. Since e?” = cos 277 + isin 2m = 1 and, in view of (4), e*?"' = ee?” = e 
for all z, it follows that f(z + 2ai) = f(z). Because of this complex periodicity, all possible 
functional values of f(z) = e* are assumed in any infinite horizontal strip of width 277. Thus, 
if we divide the complex plane into horizontal strips defined by (2n — 1)a7 <y S (2n + I)z, 
n=0, +1, +2,..., then, as shown in FIGURE 17.6.1, for any point z in the strip —7 < y S a, the 
values f(z), f(z + 277i), f(z — 277i), f(z + 477i), and so on, are the same. The strip -7 <y=7 
is called the fundamental region for the exponential function f(z) = e*. The corresponding flow 
over the fundamental region is shown in FIGURE 17.6.2. 


Hi Polar Form of a Complex Number InSection 17.2, we saw that the complex number z 
could be written in polar form as z = r(cos # + isin @). Since e? = cos 9 + isin 8, we can now 
write the polar form of a complex number as 


z= re’, 


For example, in polar form z = 1 + iis z= V2e7%/*. 


I Circuits In applying mathematics, mathematicians and engineers often approach the same 
problem in completely different ways. Consider, for example, the solution of Example 10 in 
Section 3.8. In this example we used strictly real analysis to find the steady-state current i,(7) in 
an LRC-series circuit described by the differential equation 


d’q dq 1 . 
L i OR a + cd = Eo sin yt. 


Electrical engineers often solve circuit problems such as this using complex analysis. To 
illustrate, let us first denote the imaginary unit V —1 by the symbol to avoid confusion with 
the current i. Since current i is related to charge q by i = dq/dt, the differential equation is the 
same as 


po eRe : E, sin yt 
— i+—qg = E)sinyt. 
dt ct 0 Y 


Moreover, the impressed voltage Ey sin yt can be replaced by Im(E,e/”"), where Im means the 
“imaginary part of.” Because of this last form, the method of undetermined coefficients suggests 
that we assume a solution in the form of a constant multiple of complex exponential—that is, 
i) = Im(Ae’”). We substitute this expression into the last differential equation, use the fact that 
q is an antiderivative of i, and equate coefficients of e/”: 


Eo 
R+ (2 -i) 
ALY co, 
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1 
(iy +e+tla-e, gives A= 
ICY 


The quantity Z = R + j(Ly — 1/Cy) is called the complex impedance of the circuit. Note that the 


modulus of the complex impedance, |Z] = VR? + (Ly — 1/Cy)’, was denoted in Example 10 
of Section 3.8 by the letter Z and called the impedance. 
Now, in polar form the complex impedance is 


Z= |Z\e”? where tané = 
Hence, A = Eyp/Z = E/(|Z |e”), and so the steady-state current can be written as 


Bo. 
i,(t) = Im—e “*e™. 
p(t) Z 


The reader is encouraged to verify that this last expression is the same as (35) in Section 3.8. 


Hi Logarithmic Function The logarithm of acomplex number z = x + iy, z # 0, is defined 
as the inverse of the exponential function—that is, 


w=Inz if z=e”. (5) 
In (5) we note that In zis not defined for z = 0, since there is no value of w for which e” = 0. To 
find the real and imaginary parts of In z, we write w = u + iv and use (3) and (5): 


u+iv 


x+iy=e""=e"(cosv + isinv) = e“ cos v + ie“ sin v. 


The last equality implies x = e“ cos v and y = e“ sin v. We can solve these two equations for u 
and v. First, by squaring and adding the equations, we find 


e=Pty=Pr=|z? andso u=log,|zi, 


where log,|z| denotes the real natural logarithm of the modulus of z. Second, to solve for v, we 
divide the two equations to obtain 


tany = a 
x 


This last equation means that v is an argument of z; that is, v = 6 = arg z. But since there is 
no unique argument of a given complex number z = x + iy, if @ is an argument of z, then so is 
64+ 2n7,n=0, +1, £2,.... 


Definition 17.6.2 Logarithm of a Complex Number 


For z # 0, and 6 = arg z, 


Inz =logJ|zl + (6+ 2n7), n=O0, +1, £2,.... (6) 


As is clearly indicated in (6), there are infinitely many values of the logarithm of a 
complex number z. This should not be any great surprise since the exponential function 
is periodic. 

In real calculus, logarithms of negative numbers are not defined. As the next example will 
show, this is not the case in complex calculus. 


| EXAMPLE2 | Complex Values of the Logarithmic Function 


Find the values of (a) In(—2), (b) In i, and (c) In(—1 — 1). 
SOLUTION (a) With 6 = arg(—2) = 7 and log,|—2I = 0.6932, we have from (6) 


In(—2) = 0.6932 + i( + 2n7). 


842 | CHAPTER 17 Functions of a Complex Variable 


(b) With 6 = arg(i) = 7/2 and log,lil = log, | = 0, we have from (6) 


7 
Ini = ( + on. 
2 


In other words, In i = ari/2, —37i/2, Sari/2, —77ri/2, and so on. 
(c) With 6 = arg(—1 — 1) = 57/4 and log |—1 — il = log, V2 = 0.3466, we have from (6) 


; [57 
In(—1 — i) = 0.3466 + (= + on = 


| EXAMPLE3 | Solving an Exponential Equation 


Find all values of z such that & = V3 +i. 


SOLUTION From (5), with the symbol w replaced by z, we have z = In(V3 + i). Now 
IV3 + il = 2 and tan 6 = 1/3 imply that arg(V3 + i) = 7/6, and so (6) gives 


z= log,2 + (2 + 2nn) or z= 0.6931 + (2 4 on). = 


Il Principal Value Itis interesting to note that as a consequence of (6), the logarithm 
of a positive real number has many values. For example, in real calculus, log,5 has only one 
value: log,5 = 1.6094, whereas in complex calculus, In 5 = 1.6094 + 2nzri. The value of In 5 
corresponding to n = 0 is the same as the real logarithm log, 5 and is called the principal value 
of In 5. Recall that in Section 17.2 we stipulated that the principal argument of a complex number, 
written Arg z, lies in the interval (—7, zr]. In general, we define the principal value of In z as 
that complex logarithm corresponding to n = 0 and 0 = Arg z. To emphasize the principal value 
of the logarithm, we shall adopt the notation Ln z. In other words, 


Ln z = log,|zl + i Arg z. (7) 


Since Arg z is unique, there is only one value of Ln z for each z # 0. 


| EXAMPLE 4 | Principal Values 


The principal values of the logarithms in Example 2 are as follows: 
(a) Since Arg(—2) = 7, we need only set n = 0 in the result given in part (a) of Example 2: 


Ln(—2) = 0.6932 + mi. 


(b) Similarly, since Arg(i) = 7/2, we set n = 0 in the result in part (b) of Example 2 to 
obtain 


T 
Lni = —i. 
2 
(c) In part (c) of Example 2, arg(—1 — i) = 57/4 is not the principal argument of z = —1 —i. 
The argument of z that lies in the interval (—77, 7] is Arg(— 1 — 1) = —377/4. Hence, it follows 
from (7) that 
37 


Ln(—1 — 1) = 0.3466 4 i. = 


Up to this point we have avoided the use of the word function for the obvious reason that 
In z defined in (6) is not a function in the strictest interpretation of that word. Nonetheless, it is 
customary to write f(z) = In z and to refer to f(z) = In z by the seemingly contradictory phrase 
multiple-valued function. Although we shall not pursue the details, (6) can be interpreted as an 
infinite collection of logarithmic functions (standard meaning of the word). Each function in the 
collection is called a branch of In z. The function f(z) = Ln zis then called the principal branch 
of In z, or the principal logarithmic function. To minimize the confusion, we shall hereafter 
simply use the words logarithmic function when referring to either f(z) = In z or f(z) = Ln z. 
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FIGURE 17.6.3 Branch cut for Ln z 
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FIGURE 17.6.4 w = Ln zasa flow 


844 


AAA A A wo 
LADS MF we 
AAA ea i 
‘PEt Dig su 
As Asi 4,4 
vyyrawor?> 
ee ee as 
o oes | ae 
VN YY {== 
Ai a 2 AS 
Yaauy fans ™ 
oe Ole ee 


Some familiar properties of the logarithmic function hold in the complex case: 


ZI 


In(z,z.) = nz, + Inz and inf ) =Inz, —Inz. (8) 


£2 


Equations (8) and (9) are to be interpreted in the sense that if values are assigned to two of the 
terms, then a correct value is assigned to the third term. 


| EXAMPLES | Properties of Logarithms 


Suppose z, = | and z, = —1. Then if we take In z, = 277i and In z, = wi, we get 


In(z,Z2) = In(—1) = Inz, + Inz, = 277i + wi = 377 


z 
in( 2) = In(—1) = Inz, —Inz, = 2ai — wi= Ti. = 
2, 


Just as (7) of Section 17.2 was not valid when arg z was replaced with Arg z, so too (8) is 
not true, in general, when In z is replaced by Ln z. See Problems 45 and 46 in Exercises 17.6. 


Il Analyticity The logarithmic function f(z) = Ln zis not continuous at z = 0 since f(0) is 
not defined. Moreover, f(z) = Ln z is discontinuous at all points of the negative real axis. This 
is because the imaginary part of the function, v = Arg z, is discontinuous only at these points. 
To see this, suppose xX, is a point on the negative real axis. As z > X, from the upper half-plane, 
Arg z— 77, whereas if z — x, from the lower half-plane, then Arg z > —7. This means that 
F(z) = Ln zis not analytic on the nonpositive real axis. However, f(z) = Ln z is analytic throughout 
the domain D consisting of all the points in the complex plane except those on the nonpositive 
real axis. It is convenient to think of D as the complex plane from which the nonpositive real 
axis has been cut out. Since f(z) = Ln z is the principal branch of In z, the nonpositive real axis 
is referred to as a branch cut for the function. See FIGURE 17.6.3. It is left as exercises to show 
that the Cauchy—Riemann equations are satisfied throughout this cut plane and that the deriva- 
tive of Ln zis given by 


d 1 
—Lnaz=— 9 
unt = 7 (9) 
for all z in D. 

FIGURE 17.6.4 shows w = Ln z as a flow. Note that the vector field is not continuous along the 
branch cut. 


I Complex Powers Inspired by the identity x“ = e“ «in real variables, we can define com- 
plex powers of a complex number. If a is a complex number and z = x + iy, then z* is defined by 


= ere z#0. (10) 


In general, z“ is multiple-valued since In z is multiple-valued. However, in the special case when 
a=n,n=0, +1, +2,..., (10) is single-valued since there is only one value for 2,2,z /, and 
so on. To see that this is so, suppose a = 2 and z = re’’, where 6 is any argument of z. Then 


z= +10) _ t+ 2id _ iO id ,i0 _ i i = 
ez in: = e2 loser 10); = e2 loser 2i0 — @2l08er 9210 = rete? = (re’®)(re'®) = 2. 


If we use Ln z in place of In z, then (10) gives the principal value of z*. 


| EXAMPLE6 | Complex Power 


Find the value of i”. 


SOLUTION With z =i, arg z = 7/2, and a = 23, it follows from (10) that 


7 = eZillogel +i(m/2+2n7)| — e (tant 
where n = 0, +1, +2,.... Inspection of the equation shows that i” is real for every value of n. 
Since 77/2 is the principal argument of z = i, we obtain the principal value of i” for n = 0. To 


four rounded decimal places, this principal value is i’ = e 7 = 0.0432. = 
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| 17.6 | Exercises Answers to selected odd-numbered problems begin on page ANS-41. 


In Problems 1-10, express e* in the form a + ib. 


, T 5 7 
ae | zZ=-;1 
6 3 
32=-1+ "i a 2=2- i 
Zz A Zz a! 
377 
5 2=a7+ Ti ee ea ee 
7 z7=154+ 23 8 z= —0.3 + 0.51 
9. 2=5i 10. z= -0.23 -i 
In Problems 11 and 12, express the given number in the form a + ib. 
23m 
1+5ai/4,—1—il3 
11. e e 12 re 


In Problems 13-16, use Definition 17.6.1 to express the given 
function in the form f(z) = u + iv. 


13. f(z) =e"®% 14. f(z) = e% 
15. f@ = e* 16. f(z) = el 
In Problems 17-20, verify the given result. 
: e* a5 
17. lel =e 13..— =e"? 
e 


19. =e ™ 20. (e*)" = e”, nan integer 
21. Show that f(z) = e* is nowhere analytic. 
22. (a) Use the result in Problem 15 to show that f(z) = e* is an 
entire function. : 
(b) Verify that u(x, y) = Re(e* ) is a harmonic function. 
In Problems 23-28, express In z in the form a + ib. 
23. z= —5 24. z= —ei 
2. 2=-2+2i 26. z=1+i 


27. 2= V2 + Voi 2. 2=-V3+i 


In Problems 29-34, express Ln z in the form a + ib. 


29. z=6-6i 30. z=-& 
31. 2=-12+ 51 32. z=3-4i 
33. 2=(1 + V3i)° 34. z=(1+ 04 


In Problems 35-38, find all values of z satisfying the given equation. 
35. e& = 4i 


37. & |= ie’ 


36. c= —-]1 

38. e* +e? +1=0 

In Problems 39-42, find all values of the given quantity. 
39. (—i)" 40. 3!" 7 

Mm. (1+ itt? 42. (1 + V3iy% 


In Problems 43 and 44, find the principal value of the given 
quantity. Express answers in the form a + ib. 


a (ye A. (= 9)" 

45. If z;} =iandz, = —1 + i, verify that 
Ln(z,z,) # Ln z, + Ln z. 

46. Find two complex numbers z, and z, such that 
Ln(z,/z,) # Ln z, — Ln z. 


47. Determine whether the given statement is true. 
(a) Ln(-1+ i =2La(-1+9 
(b) Lni? = 3Lni 
(ec) nf =31ni 
48. The laws of exponents hold for complex numbers a and B: 


Zo : 
Zegh = 208, a ge Be 2%)" = 7" an integer. 
Zz 
However, the last law is not valid if m is a complex number. 
Verify that (i')? = 7, but (7)! # i”, 
49. For complex numbers z satisfying Re(z) > 0, show that (7) 
can be written as 


1 
Lnz= a log,G? + y?) + itan7! a 
50. The function given in Problem 49 is analytic. 


(a) Verify that u(x, y) = log,(? + y’) is a harmonic function. 
(b) Verify that v(x, y) = tan7!(y/x) is a harmonic function. 


177 Trigonometric and Hyperbolic Functions 


INTRODUCTION _ In this section we define the complex trigonometric and hyperbolic func- 
tions. Analogous to the complex functions e* and Ln z defined in the previous section, these 
functions will agree with their real counterparts for real values of z. In addition, we will show 
that the complex trigonometric and hyperbolic functions have the same derivatives and satisfy 
many of the same identities as the real trigonometric and hyperbolic functions. 


[| Trigonometric Functions If x isa real variable, then Euler’s formula gives 


e“=cosx+isinx and e *=cosx—isinx. 


By subtracting and then adding these equations, we see that the real functions sin x and cos x can 
be expressed as a combination of exponential functions: 


sin. x = 


e” —— ae e™* + ou 
ge cos x = — ae (1) 
i 
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Using (1) as a model, we now define the sine and cosine of a complex variable: 


Definition 17.7.1 Trigonometric Sine and Cosine 


For any complex number z = x + iy, 


sinz = ————_ and__ cosz = ————.. (2) 


As in trigonometry, we define four additional trigonometric functions in terms of sin z 
and cos z: 
nz 1 1 1 


si 
tanz = ——, cotz = ——,, secz = ——, cscz = ——. (3) 
COS Z tan z COS Z sin Z 


When y = 0, each function in (2) and (3) reduces to its real counterpart. 


Hi Analyticity Since the exponential functions e” and e~“ are entire functions, it follows 
that sin z and cos z are entire functions. Now, as we shall see shortly, sin z = 0 only for the real 
numbers z = nz, n an integer, and cos z = 0 only for the real numbers z = (2n + 1)a/2,n an 
integer. Thus, tan z and sec z are analytic except at the points z = (2n + 1)z7/2, and cot z and 
csc z are analytic except at the points z = n7r. 


Hi Derivatives Since (d/dz)é* = e’, it follows from the Chain Rule that (d/dz)e" = ie" and 
(d/dzje “ = —ie “. Hence, 
d ek — e & ek + e& 


dz aan dz 2i 7 2 ee 


In fact, it is readily shown that the forms of the derivatives of the complex trigonometric func- 
tions are the same as the real functions. We summarize the results: 


ie os d . 

—sinz = cosz — cos z = —sinz 

dz dz 

—tan z = sec7z —cotz = —cse’z (4) 
dz dz 

— sec z = sec z tan z — tse s = —ese eco z. 

dz dz 


Hi Identities The familiar trigonometric identities are also the same in the complex case: 
sin(—z) = —sinz cos(—z) = cosz 
cos’z + sin’z = 1 
sin(z,; = Z2) = sin Zz; COS Z) + cos Z Sin Z) 
cos(z, + Z,) = COs z; COS Z, + Sin Z; SiN Z, 
sin2z =2sinzcosz cos 2z = cos’z — sin’z. 


Hi Zeros To find the zeros of sin z and cos z we need to express both functions in the form 
u + iv. Before proceeding, recall from calculus that if y is real, then the hyperbolic sine and 
hyperbolic cosine are defined in terms of the real exponential functions e” and e ”: 


yoy Y4 ery 
sinh y = ao and = coshy = aaa (5) 


Now from Definition 17.7.1 and Euler’s formula we find, after simplifying, 


. elt) a2 e eto) : e + e? ied e = e 
sin Z = : = SMX LCOS X| ——_____ ]}. 
2i 2 2, 


Thus from (5) we have 


sin z = sinx cosh y + icos x sinh y. (6) 
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It is left as an exercise to show that 
cos z = cos x cosh y — isin x sinh y. (7) 
From (6), (7), and cosh’y =1+ sinh’y, we find 
Isin zl? = sin?x + sinh*y (8) 
and Icos zi? = cos?x + sinh’y, (9) 


Now a complex number z is zero if and only if Iz? = 0. Thus, if sin z = 0, then from (8) we must 
have sin’x + sinh’y = 0. This implies that sin x = 0 and sinh y = 0, and so x = nz and y = 0. 
Thus the only zeros of sin z are the real numbers z = nz + Oi = n7z7,n = 0, £1, £2,.... Similarly, 
it follows from (9) that cos z = 0 only when z = (2n + 1)7/2,n = 0, £1, £2,.... 


| EXAMPLE1 | Complex Value of the Sine Function 


From (6) we have, with the aid of a calculator, 


sin(2 + i) = sin2 cosh 1 + icos 2 sinh 1 = 1.4031 — 0.4891i. = 


In ordinary trigonometry we are accustomed to the fact that Isin xl = 1 and Icos xl < 1. Inspection 
of (8) and (9) shows that these inequalities do not hold for the complex sine and cosine, since 
sinh y can range from —co to oo. In other words, it is perfectly feasible to have solutions for 
equations such as cos z = 10. 


| EXAMPLE2 | Solving a Trigonometric Equation 


Solve the equation cos z = 10. 


SOLUTION From (2), cos z = 10 is equivalent to (e* + e~)/2 = 10. Multiplying the last 
equation by e” then gives the quadratic equation in e™: 


e” — 20e* + 1=0. 
From the quadratic formula we find e* = 10 + 3/11. Thus, for n = 0, +1, +2,..., we 
have iz = log,10 + 3V11) + 2n7mi. Dividing by i and utilizing log,(10 — 3V11) = 
—log.(10 + 3°11), we can express the solutions of the given equation as z = 2n7 + 
ilog.10 + 3V/11). = 


Il Hyperbolic Functions We define the complex hyperbolic sine and cosine in a manner 
analogous to the real definitions given in (5). 


Definition 17.7.2 Hyperbolic Sine and Cosine 


For any complex number z = x + iy, 


i ae z + =z 
Sing = SS and coshz = oe (10) 


The hyperbolic tangent, cotangent, secant, and cosecant functions are defined in terms of 
sinh z and cosh z: 


sinh z 
tanh z = ——— 
c 


(11) 


1 1 1 

, cothz = ——, sechz = ——., cschz = — : 

osh z tanh z cosh z sinh z 

The hyperbolic sine and cosine are entire functions, and the functions defined in (11) are ana- 
lytic except at points where the denominators are zero. It is also easy to see from (10) that 


d d 
—sinhz=coshz and —coshz = sinhz. (12) 
dz dz 

It is interesting to observe that, in contrast to real calculus, the trigonometric and hyperbolic func- 
tions are related in complex calculus. If we replace z by iz everywhere in (10) and compare the results 
with (2), we see that sinh(iz) = 7 sin z and cosh(iz) = cos z. These equations enable us to express 
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sin z and cos z in terms of sinh(iz) and cosh(iz), respectively. Similarly, by replacing z by iz in (2) we 
can express, in turn, sinh z and cosh z in terms of sin(iz) and cos(iz). We summarize the results: 


sin z = —isinh(iz), cos z = cosh(iz) (13) 
sinh z = —isin(iz), cosh z = cos(iz). (14) 


Hi Zeros The relationships given in (14) enable us to derive identities for the hyperbolic func- 
tions utilizing results for the trigonometric functions. For example, to express sinh z in the form 


u + iv we write sinh z = —i sin(iz) in the form sinh z = —i sin(—y + ix) and use (6): 
sinh z = —i[sin(—y) cosh x + i cos(—y) sinh x]. 
Since sin(—y) = —sin y and cos(—y) = cos y, the foregoing expression simplifies to 
sinh z = sinh x cos y + icosh x sin y. (15) 
Similarly, cosh z = cosh x cos y + i sinh x sin y. (16) 


It also follows directly from (14) that the zeros of sinh z and cosh z are pure imaginary and are, 
respectively, 


Z=nti and z=(Qnt1)o, n=0, +1, +2,.... 
Hi Periodicity Since sin x and cos x are 27r-periodic, we can easily demonstrate that sin z 
and cos z are also periodic with the same real period 277. For example, from (6), note that 
sin(z + 277) = sin(x + 277 + iy) 


= sin(x + 277) cosh y + i cos(x + 277) sinh y 


= sin x cosh y + i cos x sinh y; 


that is, sin(z + 277) = sin z. In exactly the same manner, it follows from (7) that cos(z + 277) = cos z. 
In addition, the hyperbolic functions sinh z and cosh z have the imaginary period 277i. This last 
result follows from either Definition 17.7.2 and the fact that e* is periodic with period 277i, or 
from (15) and (16) and replacing z by z + 277i. 


iz 7s Exercises Answers to selected odd-numbered problems begin on page ANS-41. 


In Problems 1-12, express the given quantity in the form a + ib. 17. sinh z= —i 18. sinhz = —1 

1. cos(3i) 2. sin(—22) 19. cos z = sinz 20. cosz=isinz 

_ (7 : F 
sin( 2 am ' a ll In Problems 21 and 22, use the definition of equality of complex 
T numbers to find all values of z satisfying the given equation. 
5. tan(i) 6. cot| — + 3i 
; ; 21. cos z = cosh 2 22. sin z =isinh2 
peel) kee : i) 23. Prove that cos z = cos x cosh y — i sin x sinh y. 
9. cosh(7ri) 10. sinn( 22 ‘ 24. Prove that sinh z = sinh x cos y + icosh x sin y. 
= 25. Prove that cosh z = cosh x cos y + i sinh x sin y. 
11. snh( 1 + 4 ' 12. cosh(2 + 3i) 26. Prove that Isinh zi’ = sin’y + sinh’x. 
27. Prove that Icosh zl? = cos*y + sinh*x. 
In Problems 13 and 14, verify the given result. 28. Prove that cos*z + sin?z = 1. 
a Mg sec ee 5 29. Prove that cosh*z — sinh*z = 1. 
ies 2 me “4 30. Show that tan z = u + iv, where 
14. co( + iln 2) = = = sin 2x = sinh 2y 
2 4 and v : 
cos 2x + cosh 2y cos 2x + cosh 2y 

In Problems 15-20, find all values of z satisfying the given 31. Prove that tanh z is periodic with period zi. 
equanon. 32. Prove that (a) sinz = sin z and (b) cosz = cosz. 
15. sinz=2 16. cosz = —3i 
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Inverse Trigonometric and Hyperbolic Functions 


INTRODUCTION As functions of a complex variable z, we have seen that both the trigonomet- 
ric and hyperbolic functions are periodic. Consequently, these functions do not possess inverses 
that are functions in the strictest interpretation of that word. The inverses of these analytic functions 
are multiple-valued functions. As we did in Section 17.6, in the examination of the logarithmic 
function, we shall drop the adjective multiple-valued throughout the discussion that follows. 


Hi Inverse Sine The inverse sine function, written as sin-'z or arcsin z, is defined by 
w=sin'z if z=sinw. (1) 


The inverse sine can be expressed in terms of the logarithmic function. To see this we use (1) 
and the definition of the sine function: 


iw —iw 
e —€é an be 
——— =z or e”—D2ize-—1=0. 


From the last equation and the quadratic formula, we then obtain 
el = iz 4 ‘al _ zy. (2) 


Note in (2) we did not use the customary symbolism + V1 — z’, since we know from Section 17.2 
that (1 — z*)'”” is two-valued. Solving (2) for w then gives 


sin’ !z = —ilnfiz + d -— 2)'””]. (3) 


Proceeding in a similar manner, we find the inverses of the cosine and tangent to be 


cos-!z = —iln[z + i — 2)!7] (4) 
be 

tan'z = In : :. (5) 
a he 


| EXAMPLE1 | Values of an Inverse Sine 


Find all values of sin! VS. 
SOLUTION From (3) we have 


sin V5 = —iin[ V5i + A — (V5)!7]. 


With (1 — (V/5)’)!? = (—4)!? = £23, the preceding expression becomes 


sin! V5 = —iIn[(V5 + 2)i] 


~i}log.(W5 + 2) + (= # 2nn i), n= 0, +1, +2,.... 


The foregoing result can be simplified a little by noting that log,( A 5 = 2) = log.d1/( V5 + 2))= 
—log,(W5 + 2). Thus for n = 0, £1, £2,..., 


sins V5 = os + 2na + ilog (V5 + 2). (= 


To obtain particular values of, say, sin~'z, we must choose a specific root of 1 — z? anda 
specific branch of the logarithm. For example, if we choose (1 — (VW5))"2 = (—4)!? = 2i and 
the principal branch of the logarithm, then (6) gives the single value 


sin V5 = a — jlog.(W5 + 2). 
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il Derivatives The derivatives of the three inverse trigonometric functions considered above 
can be found by implicit differentiation. To find the derivative of the inverse sine function 
w = sin’ 'z, we begin by differentiating z = sin w: 

d d dw 1 


—z=—sinw ives —_—= . 
dz dz e dz cos W 


Using the trigonometric identity cos’w + sin’w = 1 (see Problem 28 in Exercises 17.7) in the 


form cos w = (1 — sin’w)!” = (1 — 2)!?, we obtain 
1 
in 'z = : 7 
a sin -Z a — 27 (7) 
Similarly, we find that 
d = =f 
s= 8 
de cos a — 22 (8) 
1 
tan“!z = 9 
dz sie 1+ 2? (9) 


It should be noted that the square roots used in (7) and (8) must be consistent with the square 
roots used in (3) and (4). 


| EXAMPLE2 | Evaluating a Derivative 


Find the derivative of w = sin™!zat z= V5. 


SOLUTION InExample 1, if we use (1 — (V5)? = (—4)!” = 2i, then that same root must 
be used in (7). The value of the derivative consistent with this choice is given by 


dw 1 1 1 1, 


=— 1 = 


d have (- (V5? (AIP 2 


Il Inverse Hyperbolic Functions The inverse hyperbolic functions can also be expressed 
in terms of the logarithm. We summarize these results for the inverse hyperbolic sine, cosine, 
and tangent along with their derivatives: 


sinh™'z = In[z + (@? + 1)!7] (10) 
cosh !z = In[z + (z? — 1)!/7] (11) 
tanh“'z = In + = (12) 
< sinh” = @+p? : i? (13) 
fcosh” L= @- He : ie (14) 
< tanh” i i : es (15) 


| EXAMPLE3 | Values of an Inverse Hyperbolic Cosine 


Find all values of cosh” !(—1). 
SOLUTION From (11) with z = —1, we get 


cosh '(—1) = In(—1) = log, 1 + (7 + 2nm)i. 
Since log,1 = 0 we have for n = 0, +1, £2,..., 


cosh !(—1) = (2n + 1)mi. 
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| 17.8 | Exercises Answers to selected odd-numbered problems begin on page ANS-41. 


In Problems 1-14, find all values of the given quantity. 


1. sin7(—’) 2. sin’! V2 
3. sin '0 4, sin! 3 
5. cos | 2 6. cos! 2i 


=f 0 =19 


7. cos 5 8. cos 3 
9. tan! 1 10. tan”! 3i 
11. sinh”! $ 12, cosh”! i 
13. tanh~'(1 + 2i) 14. tanh~'(— V3i) 


| 47 | | Chapter in Review — pter in Review Answers to selected odd-numbered problems begin on page ANS-41. 


Answer Problems 1—16 without referring back to the text. Fill in 
the blank or answer true/false. 


1, Rel +d)°=_ andIm( +i)! = 
2. If z is a point in the third quadrant, then iz is in the 
quadrant. 


3, Ifz=3 + 4i, then re(=) = 
Zz 
4. 7 — SP + t= 


5. Ifz= then Izl = 


a 
3-47 
6. Describe the aig defined by | = lz + 21 S3. 

7. Arg(z + 7 = 

8. Ifz= 


9. Ife = Wisi = 

10. If lel = 1, then z is a pure imaginary number. 

11. The principal value of (1 + yeni is 

12. If f(z) = x* — 3xy — S5y? + i(4x’y - a + Ty), then 
f(-1 4+ 2) = 

13. Ifthe Cauchy—Riemann equations are satisfied at a point, then 
the function is necessarily analytic there. 

14. f(z) = e* is periodic with period 

15. Ln(—ie*) = 

16. f(z) = sin — ty) is nowhere analytic. 


, then Arg z = 


In Problems 17—20, write the given number in the form a + ib. 
3-1 2— 2i 


17. i(2 — 3i)°(4 + 2i 18. 
i ae 22a 15 


a-a”* 


= 20. AetBe—ail4 
(1 + iy 


In Problems 21—24, sketch the set of points in the complex plane 
satisfying the given inequality. 


21. Im(z”) =2 22. Im(z + 5i) >3 


1 
23. —<1 
Z| 
25. Look up the definitions of conic sections in a calculus text. 
Now describe the set of points in the complex plane that sat- 
isfy the equation lz — 2i] + Iz + 2il = 5. 


24. Im(z) < Re(z) 


26. Let z and w be complex numbers such that Izl = 1 and lwl # 1. 
Prove that 


z—-w|_ 


1 — zw 


In Problems 27 and 28, find all solutions of the given equation. 
1 
21 


Lbua 
29. If f(z) = 2* — 3¢° + 47 — 52°, find s( ) 
A/D 


30. Write f(z) = Im(z — 3z) + zRe(z’) — 5z in the form 
F(Z) = u@, y) + iv, y). 


In Problems 31 and 32, find the image of the line x = | in the 
w-plane under the given mapping. 


31. f(2) =X -—ytil(y —x) 
32. f(z) == 


27. 2=1-i 28. 27/72 = 


In Problems 33-36, find all complex numbers for which the 
given statement is true. 


= _ ol 
33. z=2Z 34. 7=- 
Zz 

35. 7=-z 36. 2 =(z)y 


37. Show that the function f(z) = 
is analytic for all z. Find f’(z). 
38. Determine whether the function 


—(2xy + 5x) + i(x? — Sy — y’) 


f@ =x + xy’ — 4x + iy — y — xy) 
is differentiable. Is it analytic? 


In Problems 39 and 40, verify the given equality. 
39. Ln[( + 90 — d] = Ln + i) + Land — 1) 


1+i 
40. in 


, =Ln(1 + 7) — Lad — 1) 
i 
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CHAPTER ; : 
Integration in the 


Complex Plane 


To define an integral of a 
complex function f, we start with CHAPTER CONTENTS 
f defined along some curve C or 

contour in the complex plane. We 


will see in this chapter that the 18.1 Contour Integrals 


definition of a complex integral, 18.2 Cauchy-Goursat Theorem 
its properties, and method of 18.3 Independence of the Path 
evaluation are quite similar to ; 

those of a real line integral in the 18.4 Cauchy's Integral Formulas 


plane (Section 9.8). Chapter 18 in Review 


FIGURE 18.1.1 Sample points are the 


red dots 
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18.41] Contour Integrals 


INTRODUCTION _ In Section 9.8 we saw that the definition of the definite integral J” f(x) dx 
starts with a real function y = f(x) that is defined on an interval [a, b] on the x-axis. Because a 
planar curve is the two-dimensional analogue of an interval, we then generalized the definition 
of the definite integral to integrals of real functions of two variables defined on a curve C in the 
Cartesian plane. We shall see in this section that a complex integral is defined in a manner that 
is quite similar to that of a line integral in the Cartesian plane. In case you have not studied 
Sections 9.8 and 9.9, a review of those sections is recommended. 


[| A Definition Integration in the complex plane is defined in a manner similar to that of a 
line integral in the plane. In other words, we shall be dealing with an integral of a complex func- 
tion f(z) that is defined along a curve C in the complex plane. These curves are defined in terms 
of parametric equations x = x(t), y = y(t), aS t Sb, where fis a real parameter. By using x(f) and 
y(t) as real and imaginary parts, we can also describe a curve C in the complex plane by means of 
a complex-valued function of a real variable r: z(t) = x(1) + iy(t),a StS b. For example, x = cos tf, 
y =sint,0 =t = 27, describes a unit circle centered at the origin. This circle can also be described 
by z(#) = cost + isin f, or even more compactly by z(t) = e”, 0 < t S 27. The same definitions 
of smooth curve, piecewise-smooth curve, closed curve, and simple closed curve given in Section 
9.8 carry over to this discussion. As before, we shall assume that the positive direction on C cor- 
responds to increasing values of ¢. In complex variables, a piecewise-smooth curve C is also called 
a contour or path. An integral of f(z) on C is denoted by J. f(z) dz or $-f(z) dz if the contour C 
is closed; it is referred to as a contour integral or simply as a complex integral. 

1. Let f(z) = u(x, y) + iva, y) be defined at all points on a smooth curve C defined by x = x(A), 
y=y(),ast=b. 

2. Divide C into n subarcs according to the partition ad = fj <t, <...< +t, = b of [a, b]. 
The corresponding points on the curve C are Z) = Xy + iv = X(fo) + iyo), Z) =X, + iy, = 
X(t) + iv(t)),.-65 2, =X, + iy, = x(t,) + iy(t,). Let Az, = % — Z—1,k = 1, 2,..., 0. 

3. Let ||Pl| be the norm of the partition, that is, the maximum value of IAz,I. 

4. Choose a sample point z, = x, + iy, on each subarc. See FIGURE 18.1.1. 


5. Form the sum §) f(z;,) Az, 
k=1 


Definition 18.1.1 Contour Integral 


Let f be defined at points of a smooth curve C defined by x = x(f), y = y(t), a = t S b. The 
contour integral of f along C is 


| f(@dz = lim suo) IM (1) 
Cc 


Pl>9 ¢=1 


The limit in (1) exists if fis continuous at all points on C and C is either smooth or piecewise 
smooth. Consequently we shall, hereafter, assume these conditions as a matter of course. 


Hi Method of Evaluation We shall turn now to the question of evaluating a contour 
integral. To facilitate the discussion, let us suppress the subscripts and write (1) in the 
abbreviated form 


| f(2dz = lim S(u + iv)(Ax + i Ay) 
c 


= lim [X(uAx — vAy) + i S(vAx + uAy)]. 


This means | f(@dz= | udx —vdy +i | vdx + udy. (2) 
Cc Cc Cc 
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In other words, a contour integral f f(z) dzis acombination of two real-line integrals f~-udx — v dy 
and f- vdx + udy. Now, since x = x(f) and y = y(t), a St S b, the right side of (2) is the 
same as 


b 


b 
| [u(x(t), y(D)x'() — vot), YO)y"(O)] dt + i | [v(x(1), yD)x"(D) + ux(t), yO)y'"(O)] at. 


But if we use z(t) = x(t) + iy(t) to describe C, the last result is the same as J? f(z(1))z'(A) dt 
when separated into two integrals. Thus we arrive at a practical means of evaluating a contour 
integral: 


Theorem 18.1.1 Evaluation of a Contour Integral 


If fis continuous on a smooth curve C given by z(t) = x(t) + iy(t),a St Sb, then 


b 
| f@)dz = | f(a) z' (f) dt. (3) 
(CG a 


If fis expressed in terms of the symbol z, then to evaluate f(z(1)) we simply replace the symbol 
z by z(t). If fis not expressed in terms of z, then to evaluate f(z(f)), we replace x and y wherever 
they appear by x(f) and y(f), respectively. 


| EXAMPLE1 | Evaluating a Contour Integral 


Evaluate | z dz, where C is given by x = 3t, y= 77, -lst<4. 
c 


SOLUTION We write z(t) = 31 + it? so that z(t) = 3 + 2it and f(2(t)) = 3¢ + it? = 3t — it’. 
Thus, 


4 
| zZdz= | (3t — it?)(3 + 2it) dt 
Cc. = 


4 


4 
= | (2t° + 91) dt + i| 317 dt = 195 + 65i. = 
=I 1 


| EXAMPLE2 | Evaluating a Contour Integral 


1 
Evaluate — dz, where C is the circle x = cost, y = sint,0O St 27. 
Zz 
a 


SOLUTION In this case z(t) = cost + isint = e”, z'(t) = ie", and f(z) = 1/z = e ". Hence, 


1 Qa QT 
¢ —dz= | (e")ie"dt = | dt = 27. = 
c % 0 0 


For some curves, the real variable x itself can be used as the parameter. For example, to evalu- 
ate [-(8x° — iy)dz on y = 5x,0 <x S 2, we write [.(8x" — iy)dz = J}(8x" — Six)(1 + 5i)dx 
and integrate in the usual manner. 


I Properties The following properties of contour integrals are analogous to the properties 
of line integrals. 
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in Example 3 
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Theorem 18.1.2 Properties of Contour Integrals 


Suppose fand g are continuous in a domain D and Cis a smooth curve lying entirely in D. Then 
(i) | Kf(zdz =k | f(2)dz, kaconstant 
c € 
(ii) | Lf) + g(z)) dz = | 
c c 


(iii) | fod= | f@dzt+ | (2) dz, where C is the union of the smooth curves C, and C, 
le G. Cc 


f(Zdz+ | g(z) dz 
c 


2 


(iv) | iQ == | f(z)dz, where —C denotes the curve having the opposite orientation of C. 
=€ G 


The four parts of Theorem 18.1.2 also hold when C is a piecewise-smooth curve in D. 


| EXAMPLE3 | Evaluating a Contour Integral 


Evaluate fc (x? + iy*)dz, where C is the contour shown in FIGURE 18.1.2. 
SOLUTION In view of Theorem 18.1.2(iii) we write 


| Qe + iy’) dz = | (x + iy’) dz + | (x? + iy’) dz. 
Cc C G 


Since the curve C; is defined by y = x, it makes sense to use x as a parameter. Therefore, 
ax) =x + ix, z'(x) = 14+ i, f(z) = x? + ix”, and 
1 


| (x? + iy’)dz = | (x? + ix’)(1 + i) dx 
G; 0 


1 Pre) 
1+ 
=i + | star =| Pe 
0 


3 3 


The curve C; is defined by x = 1, | = y = 2. Using y as a parameter, we have z(y) = | + iy, 
z'(y) =i, and f(z(y)) = 1 + iy’. Thus, 


2 2 


) .{- (ae 
ydyt+i ae 
1 


2 
| @+ara= | a+ a%ia=—| 
CG 1 


1 


Finally, we have f(x? + iy?)dz = 3i + (-$+ 0) = -3 + 31. 


There are times in the application of complex integration that it is useful to find an upper 
bound for the absolute value of a contour integral. In the next theorem we shall use the fact that 


the length of a plane curve is s = f?V[x'()? + [y’@/? dt. But if z(t) = x'(#) + iy’(d, then 
Iz’()l = V[x'(? + Ly’? and consequently s = f° lz’(0)l dt. 


Theorem 18.1.3. A Bounding Theorem 


If fis continuous on a smooth curve C and if |f(z)l = M for all z on C, then | f a) eas =e 
where L is the length of C. 


PROOF: From the triangle inequality (6) of Section 17.1 we can write 


n 


= Sifep||Ae] = MD Azg- (4) 
k=1 


k=1 


DS fez 
k= 
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Now, |Az;,| can be interpreted as the length of the chord joining the points z, and z,_,. Since the 
sum of the lengths of the chords cannot be greater than the length of C, (4) becomes 
ISt-, f(z) Az = ML. Hence, as IIPIl —> 0, the last inequality yields If -f(z)dzl = ML. = 


Theorem 18.1.3 is used often in the theory of complex integration and is sometimes referred 
to as the ML-inequality. 


| EXAMPLE4 | A Bound for a Contour Integral 


Find an upper bound for the absolute value of ¢ = dz, where C is the circle lzl = 4. 
cz 


+1 


SOLUTION First, the length s of the circle of radius 4 is 877. Next, from the inequality (7) of 
Section 17.1, it follows that lz + 1l = lzi - 1 =4— 1 =3, and so 


e le" le" 
< =>. 5 
z+1 | \z| — 1 3 (5) 
In addition, le‘l = le*(cos y + isin y)l = e*. For points on the circle |zl = 4, the maximum that 
x can be is 4, and so (5) becomes 

& e 

=, 

zt | 3 


Hence from Theorem 18.1.3 we have 


e 
¢ dz|= 
cz tl 


[| Circulation and Net Flux Let T and N denote the unit tangent vector and the unit 
normal vector to a positively oriented simple closed contour C. When we interpret the complex 
function f(z) = u(x, y) + iv, y) as a vector, the line integrals 


Pptds= dude + vd (6) 

c c 

and Pp-Nas= Pudy— vas (7) 
fa c 


have special interpretations. The line integral in (6) is called the circulation around C and mea- 
sures the tendency of the flow to rotate the curve C. See Section 9.8 for the derivation. The net 
flux across C is the difference between the rate at which fluid enters and the rate at which fluid 
leaves the region bounded by C. The net flux across C is given by the line integral in (7), and a 
nonzero value for ¢- f - N ds indicates the presence of sources or sinks for the fluid inside the 
curve C. Note that 


(d5-r4s) + i( p-nas) = $ — iv)(dx + idy) = $ FO 
Cc c Cc Gc 


circulation = Re (¢70 a) (8) 
c 


net flux = in( $70) ae) (9) 
c 


Thus, both of these key quantities may be found by computing a single complex integral. 


and so 
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y | EXAMPLES | Net Flux 
+ = 
~ vy ‘ h Given me aie f(z = (1 + dz, compute the circulation around, and the net flux across, the 
age Sex N f circle C: Izl = 1. 
oe . f f SOLUTION Since f(z) = (1 — )zand z(t) = e”, 0 St S 277, we have 
A "4 rl A x on 2a 
yr 7 4 $ FO ce - | (1 — de Mie" dt = (1 + a| dt = 2n(1 + i) = 2m + 2m. 
c 0 0 
ae 3 
\ a sing (8) and (9), the circulation around C is 27 and the net flux across C is 277. See 
XS FIGURE 18.1.3. = 


FIGURE 18.1.3 Flow f(z) + (1 + az 


| 18.1 | Answers to selected odd-numbered problems begin on page ANS-41. 
In Problems 1-16, evaluate the given integral along the : = 
indicated contour. 19. as zo dz 20. : zo dz 


. Sc(z + 3) dz, where Cis x = 2t,y=4t—-1,1 5133 
. Jo(2z — z)dz, where Cisx = —ty=t?+2,0S152 
. fez? dz, where C is z(t) = 3t + 2it, -2=1=2 

. J-Bz? — 2z) dz, where Cis e(t) = t+ it?,0St=1 


PrP whe = 


5. Sc bv% dz, where C is the right half of the circle Izl = 1 
Zz 
from z= —itoz=i 
6. fclz? dz, where Cisx = ?t?,y = 1/t,1<t<2 
7. ¢-Re(z) dz, where C is the circle lzl = 1 


FIGURE 18.1.4 Contour in Problems 17-20 


1 : ' : 
8. §(— eg ag - s dz, where Cis the circle lz + il = 1, In Problems 21-24, evaluate [¢(z’ — z + 2)dz from i to | along 
G=7=2r the indicated contours. 
9. f ae + iy’) dz, where C is the straight line from z = 1 toz =i 21. y 22. y 
10. {¢(x* — iy*)dz, where C is the lower half of the circle |zl = 1 
from z= —ltoz=1 i i l+i 


11. fe dz, where C is the polygonal path consisting of the line 
segments from z = 0 to z = 2 and from z = 2toz= 1+ 7i 
12. f-sin zdz, where C is the polygonal path consisting of the line 


segments from z = 0 toz = | andfromz=1toz=1+i i * i 7 
13. f- Im(z — i)dz, where C is the polygonal path consisting of 
the circular arc along Izl = 1 from z = | to z = i and the line 
segment from z = itoz = —1 FIGURE 18.1.5 Contour in FIGURE 18.1.6 Contour in 
14. S-dz, where C is the left half of the ellipse x°/36 + y*/4 = 1 Problem 21 Problem 22 
from z = 2itoz = —2i 
2 7 ‘ 3 23. y 24. y 
15. ¢-ze* dz, where C is the square with vertices z = 0, z = 1, 
z=1+i,andz=i ; 
2, x<0 P+ ya 
16. {¢f(z)dz, where f(z) = { ; and C is the parabola 
6x, x >O0 
y=x’fromz=—-1+itoz=1+i 
In Problems 17-20, evaluate the given integral along the - i % 
contour C given in FIGURE 18.1.4. 
17. ¢ x dz 18. $c —ld FIGURE 18.1.7 Contour in FIGURE 18.1.8 Contour in 
C Cc Problem 23 Problem 24 
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In Problems 25-28, find an upper bound for the absolute value 
of the given integral along the indicated contour. 


25. ¢ —— dz, where C is the circle |zl = 5 
cz til 


1 
26. | ae dz, where C is the right half of the circle Izl = 6 
cl ~ 4l 


from z = —6i to z = 61 


27. fc(2 + 4)dz, where C is the line segment from z = 0 to 


z=l1ti 


1 
28. | —= dz, where C is one quarter of the circle lzl = 4 from 
Ce 


z=4itoz=4 


29. (a) Use Definition 18.1.1 to show for any smooth curve C 


between zy and z,, that fc dz = Z, — Zp. 


(b) Use the result in part (a) to verify the answer to Problem 14. 


30. Use Definition 18.1.1 to show for any smooth curve C between 


31. 


zo and z, that fo zdz = 5(z; — 2). [Hint: The integral exists, 
so choose z;, = z, and z; = Z-1.] 

Use the results of Problems 29 and 30 to evaluate ¢.(6z + 4)dz 
where C is 

(a) the straight line from | + ito 2 + 37, and 

(b) the closed contour x* + y* = 4. 


In Problems 32-35, compute the circulation and net flux for the 
given flow and the indicated closed contour. 


32. f(z) = 1/z, where C is the circle Izl = 2 

33. f(z) = 2z, where C is the circle lzl = 1 

34. f(z) = 1/(z — 1), where C is the circle lz — 1| = 2 

35. f(z) = z, where C is the square with vertices z = 0, z = 1, 


z=1t+iz=i 


/18.2| Cauchy—Goursat Theorem 


INTRODUCTION 


(a) Simply connected domain 


(b) Multiply connected domain 


In this section we shall concentrate on contour integrals where the contour 
Cis a simple closed curve with a positive (counterclockwise) orientation. Specifically, we shall 
see that when fis analytic in a special kind of domain D, the value of the contour integral ¢- f(z) dz 
is the same for any simple closed curve C that lies entirely within D. This theorem, called the 
Cauchy—Goursat theorem, is one of the fundamental results in complex analysis. Preliminary 
to discussing the Cauchy—Goursat theorem and some of its ramifications, we first need to distin- 
guish two kinds of domains in the complex plane: simply connected and multiply connected. 


[| Simply and Multiply Connected Domains _ In the discussion that follows, we shall 
concentrate on contour integrals where the contour C is a simple closed curve with a positive 
(counterclockwise) orientation. Before doing this, we need to distinguish two kinds of domains. 
A domain D is said to be simply connected if every simple closed contour C lying entirely in D 
can be shrunk to a point without leaving D. In other words, in a simply connected domain, every 
simple closed contour C lying entirely within it encloses only points of the domain D. Expressed 
yet another way, a simply connected domain has no “holes” in it. The entire complex plane is an 
example of a simply connected domain. A domain that is not simply connected is called a multiply 
connected domain; that is, a multiply connected domain has “holes” in it. See FIGURE 18.2.1. As 


in Section 9.9, we call a domain with one “hole” doubly connected, a domain with two “holes” 


FIGURE 18.2.1 Two kinds of domains 


triply connected, and so on. 


Hi Cauchy’s Theorem In 1825, the French mathematician Louis-Augustin Cauchy proved 
one of the most important theorems in complex analysis. Cauchy’s theorem says: 


Suppose that a function f is analytic in a simply connected domain D and that f' is 
continuous in D. Then for every simple closed contour C in D, ¢c f(z) dz = 0. 


The proof of this theorem is an immediate consequence of Green’s theorem and the Cauchy—Riemann 
equations. Since f’ is continuous throughout D, the real and imaginary parts of f(z) = u + iv and 
their first partial derivatives are continuous throughout D. By (2) of Section 18.1 we write $¢ f(z) dz 
in terms of real-line integrals and use Green’s theorem on each line integral: 


$70 dz = ¢ u(x, y)dx — v(x, y)dy +1 $v. y)dx + u(x, y) dy 
iC (oe Cc 


- [i 


ov Ou . Ou Ov 
=f )aa + i|[(- 2) aa (1) 
Ox oy Ox oy 
D 
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FIGURE 18.2.2 Contour in Example 1 


were ff Y¥xasa™ 
aw a a a ae Ne tl 


FIGURE 18.2.3 Flow f(z) = cos z 


FIGURE 18.2.4 Doubly connected 


domain D 
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Now since f is analytic, the Cauchy—Riemann equations, du/dx = dv/dy and du/dy = —dv/dx, 
imply that the integrands in (1) are identically zero. Hence, we have ¢. f(z) dz = 0. 

In 1883, the French mathematician Edouard Goursat (1858-1936) proved Cauchy’s theorem 
without the assumption of continuity of f’. The resulting modified version of Cauchy’s theorem 
is known as the Cauchy—Goursat theorem. 


Theorem 18.2.1. Cauchy—Goursat Theorem 


Suppose a function fis analytic in a simply connected domain D. Then for every simple closed 
contour C in D, ¢, f(z)dz = 0. 


Since the interior of a simple closed contour is a simply connected domain, the Cauchy—Goursat 
theorem can be stated in the slightly more practical manner: 


If fis analytic at all points within and on a simple closed contour C, then 


§. f(z) dz = 0. (2) 


| EXAMPLE1 | Applying the Cauchy—Goursat Theorem 


Evaluate ¢ e* dz, where C is the curve shown in FIGURE 18.2.2. 
fe 


SOLUTION The function f(z) = eis entire and C is a simple closed contour. It follows from 


the form of the Cauchy—Goursat theorem given in (2) that ¢.e° dz = 0. = 


| EXAMPLE2 | Applying the Cauchy—Goursat Theorem 


dz ; x OY 
Evaluate  —,, where C is the ellipse (x — 2)” + a = 1. 
cz 


SOLUTION The rational function f(z) = 1/z’ is analytic everywhere except at z = 0. But z = 0 
is not a point interior to or on the contour C. Thus, from (2) we have §.delz = 0. = 


| EXAMPLE3 | Applying the Cauchy—Goursat Theorem 


Given the flow f(z) = cos z, compute the circulation around and net flux across C, where C 
is the square with vertices z = 1, z =i,z = —l,andz= —i. 


SOLUTION We must compute ¢, f(z) dz = cos z dz and then take the real and imaginary 
parts of the integral to find the circulation and net flux, respectively. The function cos z is 
analytic everywhere, and so ¢. f(z) dz = 0 from (2). The circulation and net flux are therefore 
both 0. FIGURE 18.2.3 shows the flow f(z) = cos z and the contour C. = 


I| Cauchy-Goursat Theorem for Multiply Connected Domains If fis analytic in 
a multiply connected domain D, then we cannot conclude that ¢. f(z)dz = 0 for every simple 
closed contour C in D. To begin, suppose D is a doubly connected domain and C and C, 
are simple closed contours such that C, surrounds the “hole” in the domain and is interior to C. 
See FIGURE 18.2.4(a). Suppose, also, that fis analytic on each contour and at each point interior 
to C but exterior to C;. When we introduce the cut AB shown in Figure 18.2.4(b), the region 
bounded by the curves is simply connected. Now the integral from A to B has the opposite value 
of the integral from B to A, and so from (2) we have ¢. f(z) dz + 4. f(@dz = 0 or 


$e) dz = $00) dz. (3) 
Cc C, 


The last result is sometimes called the principle of deformation of contours, since we can 
think of the contour C, as a continuous deformation of the contour C. Under this deformation 
of contours, the value of the integral does not change. Thus, on a practical level, (3) allows us 
to evaluate an integral over a complicated simple closed contour by replacing that contour with 
one that is more convenient. 
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—2i 2-2i 


FIGURE 18.2.5 We use the simpler 
contour C, in Example 4 


243i 


| EXAMPLE4 | Applying Deformation of Contours 


d 
Evaluate $=, where C is the outer contour shown in FIGURE 18.2.5. 
cei E 


SOLUTION In view of (3), we choose the more convenient circular contour C, in the figure. By 
taking the radius of the circle to be r = 1, we are guaranteed that C, lies within C. In other words, 
C, is the circle lz — i] = 1, which can be parameterized by x = cost, y= 1+ sint,0 StS 27, 
or equivalently by z = i + e”,0 St S 277. From z — i = e” and dz = ie” dt we obtain 


Qa. i 2a 
dz dz ie” . . 
¢ = = 7 at =i) dt = 277i. = 
cee 7 0 @ 0 


The result in Example 4 can be generalized. Using the principle of deformation of contours (3) 
and proceeding as in the example, we can show that if zy is any constant complex number interior 
to any simple closed contour C, then 


¢ dz = ot, n=1 (4) 
c (Z — 2)" 0, nan integer # 1. 


The fact that the integral in (4) is zero when n is an integer # | follows only partially from 
the Cauchy—Goursat theorem. When 7 is zero or a negative integer, 1/(z — z)" is a polynomial 
(for example, n = —3, 1/(z — zo) * = (z — z)*) and therefore entire. Theorem 18.2.1 then implies 
§, dz/(z — 2)" = 0. It is left as an exercise to show that the integral is still zero when 7 is a posi- 
tive integer different from one. See Problem 22 in Exercises 18.2. 


| EXAMPLES — | Applying Formula (4) 


5z +7 : : 
Evaluate $ =————~ dz, where C is the circle lz — 2| = 2. 
ron +22 — 3 


SOLUTION Since the denominator factors as z7 + 2z — 3 = (z — 1)(z + 3), the integrand 


fails to be analytic at z = 1 and z = —3. Of these two points, only z = | lies within the contour 
C, which is a circle centered at z = 2 of radius r = 2. Now by partial fractions, 
5Z 7 3 2 
5 = + 
gr 2g—- 3° 2-1 (gS 
5z +7 dz dz 
and so ¢ ; a= 3 rog (5) 
cz +2z-3 ezn- 1 cz +3 


In view of the result given in (4), the first integral in (5) has the value 277. By the Cauchy— 
Goursat theorem, the value of the second integral is zero. Hence, (5) becomes 


5z +7 ; . = 
ee ae dz = 3(27ri) + 2(0) = 677i. = 


If C, C,, and C; are the simple closed contours shown in FIGURE 18.2.6 and if fis analytic on each 
of the three contours as well as at each point interior to C but exterior to both C, and C), then by in- 
troducing cuts, we get from Theorem 18.2.1 that ¢. f(z)dz + £., f(@dz + §. f(z)dz = 0. Hence, 


$e) ae = $00) dz + ¢ f(2) dz. 
c Cc Cy 


FIGURE 18.2.6 Triply connected domain D The next theorem summarizes the general result for a multiply connected domain with n “holes”: 


Theorem 18.2.2. Cauchy-—Goursat Theorem for Multiply Connected Domains 


Suppose C, C;,..., C,, are simple closed curves with a positive orientation such that C,, C3,..., C, 
are interior to C but the regions interior to each C;, k = 1, 2,...,n, have no points in com- 
mon. If fis analytic on each contour and at each point interior to C but exterior to all the 
Crk = Mh, Zoson 10s WE 


$70 dz = = $00) dz. (6) 
c k=1/¢, 
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| EXAMPLE6 | Applying Theorem 18.2.2 


FIGURE 18.2.7 Contour in Example 6 


FIGURE 18.2.8 Contour C is closed but 
not simple 


d 
Evaluate ¢ ~ where C is the circle |zl = 3. 
cz tl 


SOLUTION In this case the denominator of the integrand factors as 2’ + 1 = (z — D(z + D. 
Consequently, the integrand 1/(z? + 1) is not analytic at z = iand z = —i. Both of these points 
lie within the contour C. Using partial fraction decomposition once more, we have 


1 — 1/2i 1/2i 
fe ga ga 
d 1 1 1 
and ¢ 5 ee | oS | dz 
ex +1 2ZiJcolLz-i zti 
We now surround the points z = i and z = —iby circular contours C, and C;, respectively, 


that lie entirely within C. Specifically, the choice Iz — il = + for C, and Iz + il = $ for C, will 
suffice. See FIGURE 18.2.7. From Theorem 18.2.2 we can then write 
dz 1 
= | dz 


§t5-ifleb-coleadleh-a 
ee tl Zidgle=t zt4 Zijgliz—i zi 
-tp ig 4 sige ig 
MJe2—% Bideett idez—i Blog +7 


Because I/(z + i) is analytic on C, and at each point in its interior and because 1/(z — i) is 
analytic on C, and at each point in its interior, it follows from (4) that the second and third 
integrals in (7) are zero. Moreover, it follows from (4), with n = 1, that 


(7) 


d. 
¢ ee 277i and ¢ ue - = 271. 
cz! ok tl 
dz 
Thus (7) becomes 5 =7-T= = 
Cz + 1 


REMARKS 


Throughout the foregoing discussion we assumed that C was a simple closed contour; in other 
words, C did not intersect itself. Although we shall not give the proof, it can be shown that the 


Cauchy—Goursat theorem is valid for any closed contour C in a simply connected domain D. 
As shown in FIGURE 18.2.8, the contour C is closed but not simple. Nevertheless, if fis analytic 
in D, then ¢, f(z) dz = 0. 


Answers to selected odd-numbered problems begin on page ANS-41. 


z 


In Problems 1-8, prove that ¢ f(z)dz = 0, where fis the given 5. f(2 = sinz 6. f() = é 
function and C is the unit circle Izl = 1. (z? — 25)(z + 9) 22 + 1lz + 15 
2 
1 = _¢=9 
1. f@=2-14+3i 2. f=et =a 7. f(2) = tanz eo garraes 
z Z=3 
3. fd = 4. f(2Q) = =~ 
f@ 2z +3 f@ 2+2z24+2 
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1 
9. Evaluate ¢ dz, where C is the contour shown in 14. $a qdz; |z+i=1 
cé (+ : 
FIGURE 18.2.9. 
15. pa = de (a) Izl = 5, (b) Izl = 2, (e) lz — 31 = 1 
y 
16. Ga, 3 (a) Izl = 1, (b) lz — 2 = 1, (Iz = 
o 2 
17. dz; (a) lz — 51 = 2, (b) lzl =9 
| . rar ea (b) 
: 18 $( : : Ja (a) Izl = 5, (b) lz — 2/1 = 5 
. om > (a) lz =5, — 2il = 3 
chgt2. 2—-21/°? : 2 
Ze] 
19. ————— dx; |z - i] =} 
i fz = Ie.= 20) | |= 2 
1 
FIGURE 18.2.9 — in Problem 9 20. = +e dz; |z| = 1 
10. Evaluate $$ dz, where C is the contour shown in 8z -— 3 . 
czt1t+i 21. Evaluate 5 dz, where C is the closed contour shown 
FIGURE 18.2.10. cz % 
in FIGURE 18.2.11. [Hint: Express C as the union of two closed 
y 
+ gia ig curves C, and C),.] 
GC y 
Cc 
tx * 
a FIGURE 18.2.11 Contour in Problem 21 
22. Suppose Zp, is any constant complex number interior to any 
FIGURE 18.2.10 Contour in Problem 10 simple closed contour C. Show that 
In Problems 11-20, use any of the results in this section to ¢ dz _ ee n=1 
evaluate the given integral along the indicated closed contour(s). (Z — 2%)” 0, na positive integer # 1. 
11. ¢ (< fi ‘) dz; |z| = 2 In Problems 23 and 24, evaluate the given integral by any means. 
@ z : 
1 Ce es : bs = 
12. $(: + +) dz; |z| = 2 23. $( pes x2) dz, C is the unit circle |zl = 1 
Cc z 
@ 24. §.(z> + 2° + Re(z))dz, C is the triangle with vertices 
13 § xioeu-3 z=0,z=1+2i,z=1 


18.3 Independence of the Path 


INTRODUCTION _ Inreal calculus when a function f possesses an elementary antiderivative, 
that is, a function F for which F’ (x) = f(x), a definite integral can be evaluated by the Fundamental 
Theorem of Calculus: 


b 
| f(x) dx = F(b) — F(a). (1) 


Note that i J (x) dx depends only on the numbers a and b at the initial and terminal points of the 
interval of integration. In contrast, the value of a real-line integral f[< P dx + Q dy generally 
depends on the curve C. However, we saw in Section 9.9 that there exist line integrals whose 
value depends only on the initial point A and terminal point B of the curve C, and not on C 
itself. In this case we say that the line integral is independent of the path. These integrals can 
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FIGURE 18.3.1 If fis analytic in D, 
integrals on C and C, are equal 


FIGURE 18.3.2 Contour in Example | 


be evaluated by the Fundamental Theorem of Line Integrals (Theorem 9.9.1). It seems natural 
then to ask: 


Is there a complex version of the Fundamental Theorem of Calculus? 
Can a contour integral J. f(z) dz be independent of the path? 
In this section we will see that the answer to both of these questions is “yes.” 


J) A Definition As the next definition shows, the definition of path independence for a 
contour integral { f(z) dz is essentially the same as for a real-line integral f[. P dx + Q dy. 


Definition 18.3.1 Independence of the Path 


Let z and z, be points in a domain D. A contour integral [-.f(z)dz is said to be independent of the 
path if its value is the same for all contours C in D with an initial point z) and a terminal point z,. 


At the end of the preceding section we noted that the Cauchy—Goursat theorem also holds for 
closed contours, not just simple closed contours, in a simply connected domain D. Now suppose, 
as shown in FIGURE 18.3.1, that C and C, are two contours in a simply connected domain D, both 
with initial point z) and terminal point z,. Note that C and —C, form a closed contour. Thus, if 
fis analytic in D, it follows from the Cauchy—Goursat theorem that 


| fiedz+ | f(edz = 0. (2) 
c -C, 


But (2) is equivalent to 
| f@dz = | f(2)dz. (3) 
Cc Cc 


The result in (3) is also an example of the principle of deformation of contours introduced in (3) 
of Section 18.2. We summarize the last result as a theorem. 


Theorem 18.3.1 Analyticity Implies Path Independence 


If fis an analytic function in a simply connected domain D, then {-.f(z) dz is independent 
of the path C. 


| EXAMPLE1 | Choosing a Different Path 


Evaluate [; 2z dz, where C is the contour with initial point z = —1 and terminal point 
z = —1 + i shown in FIGURE 18.3.2. 


SOLUTION Since the function f(z) = 2z is entire, we can replace the path C by any convenient 
contour C, joining z = —1 and z = —1 + i. In particular, by choosing C; to be the straight 
line segment x = —1, 0 = y = 1, shown in red in Figure 18.3.2, we have z = —1 + iy, 
dz = i dy. Therefore, 


1 I 
| 2cae= | 2ede = -2[ yay -2i| dy = -1 — 21. = 
c Ci 0 0 

A contour integral f. f(z) dz that is independent of the path C is usually written 
SE f@ dz, where z, and z, are the initial and terminal points of C. Hence in Example | we can 
write fo) *'2z dz. 

There is an easier way to evaluate the contour integral in Example 1, but before proceeding 
we need another definition. 


Definition 18.3.2 Antiderivative 


Suppose fis continuous in a domain D. If there exists a function F such that F’(z) = f(z) for 
each z in D, then F is called an antiderivative of f. 
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For example, the function F(z) = —cos zis an antiderivative of f(z) = sin z, since F’(z) = sin z. 
As in real calculus, the most general antiderivative, or indefinite integral, of a function f(z) is 
written f f(z) dz = F(z) + C, where F(z) = f(z) and C is some complex constant. 

Since an antiderivative F of a function f has a derivative at each point in a domain D, it is 
necessarily analytic and hence continuous in D (recall that differentiability implies continuity). 

We are now in a position to prove the complex analogue of (1). 


Theorem 18.3.2 Fundamental Theorem for Contour Integrals 


Suppose fis continuous in a domain D and F is an antiderivative of fin D. Then for any contour C 
in D with initial point zy) and terminal point z,, 


| f@dz = FG) — FG). (4) 
AG 


PROOF: We will prove (4) in the case when C is a smooth curve defined by z = z(t),a =t <b. 
Using (3) of Section 18.1 and the fact that F’(z) = f(z) for each z in D, we have 


b b 
| feo = | f(z) z'(Hdt = | F'(2(t))z'(t)dt 
Cc a a 


b 
= | a F(2(t))dt <Chain Rule 


b 


F co) 


a 


= F(b)) — F@(@) = FQ) — Fo). 


| EXAMPLE2 | Using an Antiderivative 


In Example 1 we saw that the integral f.2z dz, where C is shown in Figure 18.3.2, is independent 
of the path. Now since f(z) = 2z is an entire function, it is continuous. Moreover, F(z) = 2 
is an antiderivative of f, since F’(z) = 2z. Hence by (4) we have 


iti -1+i 
| 2a de = 2*| =(-1+ i? -(-1¥ = -1 - 21. 


=I =I 


| EXAMPLE3 | Using an Antiderivative 


Evaluate {cos zdz, where C is any contour with initial point z = 0 and terminal point z = 2 + i. 


SOLUTION F(z) = sin z is an antiderivative of f(z) = cos z, since F’(z) = cos z. Therefore 
from (4) we have 
2+i 


2+i 
| coscae = | cos zdz = sin | = sin(2 + i) — sinO = sin(2 + i). 
Cc 0 0 


If we desired a complex number of the form a + ib for an answer, we can use sin(2 + i) 
1.4031 — 0.48917 (see Example 1 in Section 17.7). Hence, 


| cos z dz = 1.4031 — 0.48911. 
c 


We can draw several immediate conclusions from Theorem 18.3.2. First, observe that if the 
contour C is closed, then zy = z, and consequently 


$70 dz = 0. (5) 
Cc 
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FIGURE 18.3.3 Contour used in proof of (7) 


866 


Next, since the value of {.f(z) dz depends on only the points z, and z,, this value is the same for 
any contour C in D connecting these points. In other words: 


If a continuous function f has an antiderivative F in D, then Se f(z) dz is 


independent of the path. (6) 


In addition we have the following sufficient condition for the existence of an antiderivative: 


If fis continuous and Sc f@ dz is independent of the path in a domain D, 
then f has an antiderivative everywhere in D. 


(7) 


The last statement is important and deserves a proof. Assume that fis continuous, f¢f(z) dz 
is independent of the path in a domain D, and F is a function defined by F(z) = Vs J (s) ds where s 
denotes a complex variable, zy is a fixed point in D, and z represents any point in D. We wish to 
show that F’(z) = f(z); that is, F is an antiderivative of fin D. Now, 


ztAz z z+ Az 
F(z + Az) — F(z) = | Ff(s)ds — [ras = | F(s)ds. (8) 


Zo Z z 


Because D is a domain we can choose Az so that z + Az is in D. Moreover, z and z + Az can be 
joined by a straight segment lying in D, as shown in FIGURE 18.3.3. This is the contour we use in 
the last integral in (8). With z fixed, we can write* 


zt Az Z 


z+Az zt+A 
f(z Az = f0| ds = | f(2ds and f(z) = x| f(z)ds. (9) 


z 


From (8) and (9) it follows that 


z ” A _F 1 zt Az 
(z ~ @ = y= x | [ f(s) — fe)]ds. 
z ia 


Now f is continuous at the point z. This means that for any ¢ > 0 there exists a 6 > 0 so that 
If(s) — f(2)| < & whenever Is — zl < 6. Consequently, if we choose Az so that [A zl < 6, we have 


F(z + Az) — F(z) 
Az 


1 zt+Az 
= re = ral Lf(s) — f(2)] ds 
z EA 


1 
= —— e|Az| = «. 


zt+Az 
| Lf(s) — f(2)] ds ‘Az 


|i 
Az 
Hence, we have shown that 


vo, HAE gy = BZ) 
lim = 
Az—>0 Az 


ff) or F'() =f. 


If fis an analytic function in a simply connected domain D, it is necessarily continuous 
throughout D. This fact, when put together with the results in Theorem 18.3.1 and (7), leads to 
a theorem that states that an analytic function possesses an analytic antiderivative. 


Theorem 18.3.3. Existence of an Antiderivative 


If fis analytic in a simply connected domain D, then fhas an antiderivative in D; that is, there 
exists a function F such that F’(z) = f(z) for all z in D. 


In (9) of Section 17.6 we saw that 1/z is the derivative of Ln z. This means that under some circum- 
stances Ln zis an antiderivative of 1/z. Care must be exercised in using this result. For example, suppose 
D is the entire complex plane without the origin. The function 1/z is analytic in this multiply 


*See Problem 29 in Exercises 18.1. 
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connected domain. If C is any simple closed contour containing the origin, it does not follow from 
(5) that . dz/z = 0. In fact, from (4) of Section 18.2 with the identification z) = 0, we see that 


1 
pha = 27. 
ck 


In this case, Ln z is not an antiderivative of 1/z in D, since Ln z is not analytic in D. Recall that Ln z 
fails to be analytic on the nonpositive real axis (the branch cut off the principal branch of the logarithm). 


| EXAMPLE4 | Using the Logarithmic Function 


y 
: 1 
“3 Evaluate | = dz, where C is the contour shown in FIGURE 18.3.4. 
i Cc fo 
£ SOLUTION Suppose that D is the simply connected domain defined by x = Re(z) > 0, 
y = Im(z) > 0. In this case, Ln z is an antiderivative of 1/z, since both these functions are 
se . analytic in D. Hence by (4), 
2i 2i 
FIGURE 18.3.4 Contour in Example 4 | 7& = Ln | = Ln 2i — Ln3. 
3 3 
From (7) of Section 17.6, we have 
7 
Ln 2i = log,2 + ri and Ln3 = log,3 
2i 
2 7, : 
and so | dz = log. > + ~i = —0.4055 + 1.5708i. = 
Fae 3° 2 
REMARKS 
Suppose fand g are analytic in a simply connected domain D that contains the contour C. If z) and 
Z, are the initial and terminal points of C, then the integration by parts formula is valid in D: 
cal Ey Z 
| f@)g'@ dz = forae| = | f'@ gz) dz. 
Zo 0 Zo 
This can be proved in a straightforward manner using Theorem 18.3.2 on the function 
(d/dz)( fg). See Problems 21—24 in Exercises 18.3. 
| 18.3 | Answers to selected odd-numbered problems begin on page ANS-41. 
In Problems 1 and 2, evaluate the given integral, where C is the In Problems 3 and 4, evaluate the given integral along the 
contour given in the figure, by (a) finding an alternative path of indicated contour C. 
integration and (b) using Theorem 18.3.2. 
3. | 2z dz, where C is z(t) = 2t? + i(t* — 44° + 2), -l=t<=1 
1. | (4z — 1)dz 2. | edz 7 
Cc Cc a 
7 4. | 62° dz, where C is z(t) = 2 cos*mt — isin? —1,0=1=2 
H 343i 2 s 
In Problems 5—24, use Theorem 18.3.2 to evaluate the given 
x integral. Write each answer in the form a + ib. 
‘ 3+i 1 
3 +i 2 2 . 
= Izdl=1 ; = 5. z dz 6. (3z~ — 4z + 5i) dz 
0 ) 2i 
1+i 2i 
FIGURE 18.3.5 Contour in FIGURE 18.3.6 Contour in 7. | 2B dz 8. | (23 — z)dz 
Problem 1 Problem 2 1-i -3i 
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1-i 

9. | (2z + 1) dz 
-i/2 

11. 


13. 


18. 
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dz, C is the arc of the circle z = 4e”, —7/2 <t< w/2 


1+ (a/2)i 
16. | sinh 3z dz 


i 4i 
10. | (iz + 1p dz 19. | ~5 dz, C is any contour not passing through the origin 
1 z 


ri 


Kj 


L+2i ; 14V3i 1 1 
zee dz 20. | ( =a :) dz, Cis any contour in the right half-plane 
. A - 


-i 


Re(z) > 0 


21. le cos z dz 22. |: sin z dz 
0 


T 


1+i Ti 
23. | zé& dz 24. | Le dz 
fi 0 


18.4] Cauchy's Integral Formulas 


INTRODUCTION In the last two sections we saw the importance of the Cauchy—Goursat 
theorem in the evaluation of contour integrals. In this section we are going to examine several 
more consequences of the Cauchy—Goursat theorem. Unquestionably, the most significant of 
these is the following result: 


The value of an analytic function f at any point Zp in a simply connected domain can 
be represented by a contour integral. 


After establishing this proposition we shall use it to further show that 
An analytic function f in a simply connected domain possesses derivatives of all orders. 


The ramifications of these two results alone will keep us busy not only for the remainder of this 
section but in the next chapter as well. 


I| First Formula We begin with the Cauchy integral formula. The idea in the next theorem 
is this: If fis analytic in a simply connected domain and Z is any point D, then the quotient 
f(z — 2%) is not analytic in D. As a consequence, the integral of f(z)/(z — zp) around a simple 
closed contour C that contains Z, is not necessarily zero but has, as we shall now see, the value 
277i f (Zq). This remarkable result indicates that the values of an analytic function fat points inside 
a simple closed contour C are determined by the values of fon the contour C. 


Theorem 18.4.1 Cauchy's Integral Formula 


Let fbe analytic in a simply connected domain D, and let C be a simple closed contour lying 
entirely within D. If zp is any point within C, then 


1 
fa) =o © 


Man dle = @ 


(1) 


PROOF: Let D be a simply connected domain, C a simple closed contour in D, and zp an interior 
point of C. In addition, let C, be a circle centered at z, with radius small enough that it is interior to C. 
By the principle of deformation of contours, we can write 


fof £@ 


cé ~ %o ck *0 


dz. (2) 
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Cc 


31 ¢ 


FIGURE 18.4.1 Contour in Example 2 


We wish to show that the value of the integral on the right is 277i f(z)). To this end we add and 
subtract the constant f(z,) in the numerator: 


fO 4 = ¢ Flo) = FGo) + f@ | 


ck %o Z — 2g 


F(z) — F(Z) 
= fay p+ “# aa dz. (3) 


Now from (4) of Section 18.2 we know that 


Thus, (3) becomes 


¢ ie jaye pe (4) 
10) 


C Z — % 


Since f is continuous at z, for any arbitrarily small e > 0, there exists a 6 > O such that 
If(z) — f(%)l < © whenever |z — zl < 6. In particular, if we choose the circle C, to be 
Iz — zl = 6/2 < 6, then by the ML-inequality (Theorem 18.1.3) the absolute value of the inte- 
gral on the right side of (4) satisfies 


(2) ~ fl) ,|_ & 6 
—- ae|= 5/2 on(2) = 27e. 


In other words, the absolute value of the integral can be made arbitrarily small by taking the 
radius of the circle C, to be sufficiently small. This can happen only if the integral is zero. The 


Cauchy integral formula (1) follows from (4) by dividing both sides by 277i. = 


The Cauchy integral formula (1) can be used to evaluate contour integrals. Since we often 
work problems without a simply connected domain explicitly defined, a more practical restate- 
ment of Theorem 18.4.1 is 


If f is analytic at all points within and on a simple closed contour C, and Zp is 
& 
any point interior to C, then f(z) = =~ ik) dz. (5) 
27 Jc Z — 2 


ce Using Cauchy's Integral Formula 


—47+4 
Evaluate @ ————~——- dz, where C is the circle |z| = 2. 
C zZ+i 


SOLUTION First, we identify f(z) = 2° — 4z + 4 and z = —iasa point within the circle C. 
Next, we observe that fis analytic at all points within and on the contour C. Thus by the Cauchy 
integral formula we obtain 


z—42+4 oe: ; ? : 
- dz = 2mif(—i) = 27i(3 + 41) = 27(—4 + 3). 
C Zt 


Using Cauchy's Integral Formula 


Evaluate ¢ 5 : dz, where C is the circle |z — 2i] = 4. 
cz +9 


SOLUTION By factoring the denominator as z? + 9 = (z — 3i)(z + 3’), we see that 3: is the 
only point within the closed contour at which the integrand fails to be analytic. See FIGURE 18.4.1. 
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(b) Sink: k <0 


FIGURE 18.4.2 Vector fields in Example 3 


Now by writing 
z 

2 zt 3i 

+9 


z- 317 


we can identify f(z) = z/(z + 3i). This function is analytic at all points within and on the 
contour C. From the Cauchy integral formula we then have 


a= 
as C 


| EXAMPLE3 | Flux and Cauchy's Integral Formula 


The complex function f(z) = k/(z — Z,), where k = a + ib and z, are complex numbers, gives 
rise to a flow in the domain z # z,. If C is a simple closed contour containing z = z, in its 
interior, then from the Cauchy integral formula we have 


$ FO cc - 4! = ao. 
Cc ck 4 


Thus the circulation around C is 27b and the net flux across C is 27ra. If z, were in the exterior 
of C, both the circulation and net flux would be zero by Cauchy’s theorem. 

Note that when k is real, the circulation around C is zero but the net flux across C 
is 277k. The complex number z, is called a source for the flow when k > 0 and a sink 
when k < 0. Vector fields corresponding to these two cases are shown in FIGURE 18.4.2(a) 
and 18.4.2(b). = 


z 
+ 3i 3i 
4 az = Imi f(3i) = Wi = = Ti. 
z— 3i 6i 


Hi Second Formula We can now use Theorem 18.4.1 to prove that an analytic function 
possesses derivatives of all orders; that is, if fis analytic at a point zp, then f’, f”, f’”, and so on, 
are also analytic at zy. Moreover, the values of the derivatives f (z5), n= 1,2,3,..., are given 
by a formula similar to (1). 


Theorem 18.4.2 Cauchy's Integral Formula for Derivatives 


Let fbe analytic in a simply connected domain D, and let C be a simple closed contour lying 
entirely within D. If zp is any point interior to C, then 


nf 10 ; 


2midc = wy 


i (Z) a 


PARTIAL PROOF: We will prove (6) only for the case n = 1. The remainder of the proof can 
be completed using the principle of mathematical induction. 
We begin with the definition of the derivative and (1): 


f(@ + Az) — f(Z) 
Az 


f') = lim 
Az—>0 


= lim ¢ ua i 
Az>0 2ari Az fo (Zo + Az) 


_ f £@ ae 


ci % 


f@ 


im ; Ze 
Az>0 277i Cc (z — ay Az) (z — 2) 
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Before proceeding, let us set up some preliminaries. Since fis continuous on C, it is bounded; 
that is, there exists a real number M such that |f(z)| = M for all points z on C. In addition, 
let L be the length of C and let 6 denote the shortest distance between points on C and the point 
Zo. Thus for all points z on C, we have 


| Es 1 Pe 
Lo = Za = or = oe a ae 
" lz — Zl & 


Furthermore, if we choose |Az| = 6/2, then 


1 2, 
=, 
JZ — % — Az| 6 


6 
lee ey = Ag = le el = [Ago > jag = 7 and so 


Now, 


fy ¢ F@) ale 
c(Z — By c@ — % — Az — %) 


Because the last expression approaches zero as Az — 0, we have shown that 


¢ —Azf(z) lee 2ML|Az| 
| 


2-aye=g_Q-Ap | & ~ 


f@ + Az) — f@%) 1 ¢ f@)_, a 
27 Jc 


; = hi : 
F°@o) Azo0 Az (2 — 4) z 


If f(z) = u(x, y) + iv(, y) is analytic at a point, then its derivatives of all orders exist at that 
point and are continuous. Consequently, from 


au av ay au 
Pa et ta =e 
Ox Ox~ Oy Ox Oy Ox 


we can conclude that the real functions uv and v have continuous partial derivatives of all orders 
at a point of analyticity. 
Like (1), (6) can sometimes be used to evaluate integrals. 


| EXAMPLE4 | Using Cauchy's Integral Formula for Derivatives 


+1 
Evaluate ¢ ——— dz, where C is the circle |z| = 1. 
cz + 4z- 


SOLUTION Inspection of the integrand shows that it is not analytic at z = 0 and z = —4, but 
only z = 0 lies within the closed contour. By writing the integrand as 


zt+1 
Z+ 1 gar 4 
we pe 


we can identify z) = 0, = 2, and f(z) = (z + 1)/(z + 4). By the Quotient Rule, f"(z) = 
—6/(z + 4)° and so by (6) we have 


¢ zt+1 d 277i 7") 37, 
= = Ll. 
ee eae 3 32 
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C, 


FIGURE 18.4.3 Contour in Example 5 
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| EXAMPLES | Using Cauchy's Integral Formula for Derivatives 


te 
Evaluate $ ary dz, where C is the contour shown in FIGURE 18.4.3. 
ck 


SOLUTION Although C is not a simple closed contour, we can think of it as the union of two 
simple closed contours C, and C, as indicated in Figure 18.4.3. By writing 


2+3 2+3 2+3 
35 dz = 3 az + P-—_ dz 

c uz — I) C2 — i) cz — I) 

2+ 3 24+3 


ao) 
--pi Pit $a =-I,+h, 


we are in a position to use both (1) and (6). 
To evaluate /,, we identify z) = 0 and f(z) = (z+ 3)(z — i)”. By (1) it follows that 


2+3 


— 7) 
i= ¢ 6) gS, 6H 
os 


To evaluate I, we identify z) = i, n = 1, f(z) = (¢ + 3)/z, and f’(z) = (2z? — 3)/z’. From (6) 
we obtain 


Zz 27i . . ; 
i= x5 dZ = f'@ = 27i(3 + 2i) = 27(—-2 + 3i). 
c(z— i 1! 
Finally we get 


343 
pits dz = =I, + b= Grit + 2n(=2 + 39) = 4er(-1 + 30. = 
ces — 1 


Hi Liouville’s Theorem If we take the contour C to be the circle Iz — zl = r, it follows 
from (6) and the ML-inequality that 


lf (Z)| _ me S(2) a - n! M- 1 = a (7) 


(z 2 Z)"*! 


where M is a real number such that I f(z)l < M for all points z on C. The result in (7), called 
Cauchy’s inequality, is used to prove the next result. 


Theorem 18.4.3 _—_ Liouville’s Theorem 


The only bounded entire functions are constants. 


PROOF: Suppose fis an entire function and is bounded; that is, |f(z)| < M for all z. Then for 
any point Zo, (7) gives I f’(z)l = M/r. By making r arbitrarily large, we can make If’(zo)| as 
small as we wish. This means f’(zo) = 0 for all points zp in the complex plane. Hence f must 


be a constant. = 


Hi Fundamental Theorem of Algebra Liouville’s theorem enables us to prove, in turn, 
a result that is learned in elementary algebra: 


If P(z) is a nonconstant polynomial, then the equation P(z) = 0 has at least one root. 
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This result is known as the Fundamental Theorem of Algebra. To prove it, let us suppose that 
P(z) # 0 for all z. This implies that the reciprocal of P, f(z) = 1/P(z), is an entire function. Now 
since I f(z)l — 0 as Izl > oo, the function f must be bounded for all finite z. It follows from 
Liouville’s theorem that fis a constant and therefore P is a constant. But this is a contradiction 
to our underlying assumption that P was nota constant polynomial. We conclude that there must 
exist at least one number z for which P(z) = 


| 18.4 | Exercises Answers to selected odd-numbered problems begin on page ANS-41. 


In Problems 1—24, use Theorems 18.4.1 and 18.4.2, when z+2 
appropriate, to evaluate the given integral along the indicated cz(z-1—-a 
closed contour(s). 


A 1 
1. dz; |z| = 5 18. bata (a) jz) = 1, (b) iz - 2) = 
pger ro c Iz 2 
2 2iz 4 
Zz ges Fs 
2. ¢ dz; |z| = 5 : — — , ] dz; |z| = 
a (z _ 3i)° | | 19 #( zt (z =) dz; I2| 6 
= cosh sin? 
4. pce kl = 4 20. $( _— < 5) Iz] = 3 
c 


(z-a) (22-7) 


dz, (a) |Z) = 1, (b) |z-1-q=1 


1 + 2e 
4. P dz; |z| = 1 oo 
C dz; |z — 2| = 5 
: Cz 3(z _ 1)? | | 
z — 3z + 4 
5. —— dz; |z| = 3 
c 2+ 2i 2 bay dz; |z — ij =3 
COSZ (2° 
6. dz; |z| = 1.1 
c 32-7 3z + 1 
23. a Ze — 22 dz; Cis given in FIGURE 18.4.4 
7 Zz = 
1 de (a) jz-— i = 2, (b) lz + 27 = 1 
Zz + 3z + 2i 3 y 
8. dz, (a) |z| = 2, b) Jz + 5) =35 
pe (a) |: (b) |z + 5|=3 : 
+ 4 C 
9. ia z 7 dei |e — Bi = 13 4 
= Siz = 
10. $= ne ds ey 2 
cz + 7 
FIGURE 18.4.4 Contour in Problem 23 
11. dz; |z-—ij=1 
$s _ iy | i| = 
ef 
24. ss dz, Cis given in FIGURE 18.4.5 
12. tein (c + iy! dz; \z| = — 2 c(Z + 1” 
ea 
13. dz; |z| = y 
14. fos ee ee 


2z. 5 1 
15. O — dz, (a) |g) =4, (b) Jz + 1) =2, 
cz — 2z 


(c) |z-— 3} = 2, @ [z+ 2) =1 


Z 
16. —————— dz, (a) jz} =3, () [z+ 1/=1, 
eae eri ae Sane 
(c) |z- 1) = t (d) lz] = 4 FIGURE 18.4.5 Contour in Problem 24 
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| 18 | | Chapter in Review | pter in Review Answers to selected odd-numbered problems begin on page ANS-41. 


Answer Problems 1—12 without referring back to the text. Fill in 


(ie blank or anewertie/ false: 14. fo — iy)dz; C is the contour shown in Figure 18.R.1 


1. The sector defined by —7/6 < arg z < 77/6 is a simply 
connected domain. 


2. If ¢ f(z) dz = 0 for every simple closed contour C, then fis 
é 


analytic within and on C. 


2 
dz is the same for any path C in the 


3. The value of | a 
right gal plane Re(z) > 0 between z = 1 + i and FIGURE 18.R.1 Contour in Problems 13 and 14 
z=10+812__ 

15. [ie dz; Cis 2(t)=t+ it?,0O<t=<2 

iG 


4. If g is entire, then ¢ 8) dz = $& 8@) ; de, where C is the 
ce Tl C 


. -_ : : 2 2 = 
circle Izl = 3 and C; is the ellipse x° + y°/9 = 1. 16. je dz: Cis the line segment from z= itoz=1+i 
5. If fis a polynomial and C is a simple closed curve, then 
dz = : 
on 17, fer dz; Cis the ellipse x/100 + y?/64 = 
f+ 6 = 2 
6. If fi) = g dé, where C is Izl = 3, then 
C ak 
fdt+n=__. 18 fo (42 - 6) dz 
7. If f(a) = 2 + e and C is the contour z = 8e",0 <t < 27, 
ect § 5 f@) 19. | sinzdes Cis ay = + a0 +P, ={2721 
(z + ae 
8. If fis enti d|f(z)l = 10 for all z, th Z= : 
a a anes epeleenin ae) 20. | (423 + 32? + 2z + 1)dz; Cis the line segment from 0 to 27 
9. ¢ dz = 0 for every simple closed contour C 
(2 = 2) = a) 
that encloses the points z, and z,. 21. $e +2 1424 2)dz; Cis the circle Izl = 1 
10. If fis analytic within and on the simple closed contour C and * 
Z 1S a point within C, then 37 +4 
22. $e 5 | & C is the circle Izl = 2 
ike oe f@ ck 
c*%~ %0 cle = ar 


=22 
ee 23. $ > de: Cis the circle Ik-11=3 
11. z"dz = — _ Cc 
Cc 277i, ifn 


where n is an integer and C is Izl = 1. 


$00) dz| = 
Cc 


In Problems 13-28, evaluate the given integral using the 
techniques considered in this chapter. 


z 


COS Z : ‘ 
24. ¢ 5 dz; Cis the circle lzl = 3 
g 
C 


12. If If(z)l <2 on Izl = 3, then 


1 
25. oat C is the ellipse x°/4 + y’ = 1 
. 22° IZ eS 


26. $: csc z dz; C is the rectangle with vertices | + i, 1 — i, 
13. | (x + iy) dz; C is the contour shown in FIGURE 18.R.1 Cc 
c 2+i1,2-i 
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Z 
27. ¢ ee dz; C is the contour shown in FIGURE 18.R.2 
i 
Cc 


FIGURE 18.R.2 Contour in Problem 27 


e'™ 
28. po ee USE 1 Izil = I, (b) Iz = 3/1 = 2, 
froigaa® is (a) lz (b) Iz 


(ce) Iz + 31 = 2 


29. Let f(z) = z'g(z), where n is a positive integer, g(z) is entire, 
and g(z) # 0 for all z. Let C be a circle with center at the 


f'@ 
ed 
30. Let C be the straight line segment from i to 2 + i. Show that 


origin. Evaluate dz. 


[ unc + 1) dz| = log,10 + us 
Cc 2 
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CHAPTER 


Cauchy's integral formula for 
derivatives indicates that if a 
function fis analytic at a point 
Zo, then it possesses derivatives 
of all orders at that point. As a 
consequence of this result, we 
will see that f can always be 
expanded in a power series at 
that point. On the other hand, if 
f fails to be analytic at a point Zp, 
then we may still be able to 
expand it in a different kind of 
series known as a Laurent 
series. The notion of Laurent 
series leads to the concept of a 
residue, and this, in turn, leads 
to yet another way of evaluating 
complex integrals. 


Series and Residues 


CHAPTER CONTENTS 


19.1 Sequences and Series 

19.2 Taylor Series 

19.3 Laurent Series 

19.4 Zeros and Poles 

19.5 Residues and Residue Theorem 

19.6 Evaluation of Real Integrals 
Chapter 19 in Review 


FIGURE 19.1.1 If {z,} converges to L, all 
but a finite number of terms are in any 
e-neighborhood of L 


y 
a 
44 
1p ~ L 
57 \3 
t _—-* 
Ny 4A | 
‘ y 
~‘, 
~a uw 
aaa Sb 
2 


FIGURE 19.1.2 The terms of the sequence 
spiral toward 0 in Example 1 


| Sequences and Series 


INTRODUCTION Much of the theory of complex sequences and series is analogous to that 
encountered in real calculus. In this section we explore the definitions of convergence and diver- 
gence for complex sequences and complex infinite series. In addition, we give some tests for 
convergence of infinite series. You are urged to pay special attention to what is said about 
geometric series since this type of series will be important in the later sections of this chapter. 


Il Sequences A sequence {z,} is a function whose domain is the set of positive integers; in 
other words, to each integer n = 1, 2, 3,..., we assign a complex number z,,. For example, the 
sequence {1 + i"} is 


t t t t to (1) 


If lim,,_,..,z, = L we say the sequence {z,,} is convergent. In other words, {z, } converges to the 
number L if, for each positive number ¢, an N can be found such that |z,, — L| < « whenever 
n > N. As shown in FIGURE 19.1.1, when a sequence {z,,} converges to L, all but a finite number 
of the terms of the sequence are within every e-neighborhood of L. The sequence {1 + i”} il- 
lustrated in (1) is divergent, since the general term z, = | + i” does not approach a fixed complex 
number as n — oo. Indeed, the first four terms of this sequence repeat endlessly as n increases. 


| EXAMPLE1 | A Convergent Sequence 


j7t! 


The sequence { } converges, since 


lim = 0. 
noo %N 
ili 1 
As we see from 1, A Habs 
234 #5 


and FIGURE 19.1.2, the terms of the sequence spiral toward the point z = 0. 
The following theorem should make intuitive sense. 


Theorem 19.1.1 _—_ Criterion for Convergence 


A sequence {z,,} converges to a complex number L if and only if Re(z,,) converges to Re(L) 
and Im(z,,) converges to Im(Z). 


| EXAMPLE2 | Illustrating Theorem 19.1.1 


ni 
+ 2 


The sequence { } converges to i. Note that Re(Z) = 0 and Im(i) = 1. Then from 
n 


ni 2n n 


7 +i : 
n+2 wt+4 nt+4 


fn = 


we see that Re(z,) = 2n/(n? + 4) > 0 and Im(z,) = n7/(n? + 4) > 1 asn— 00. 


Hi Series An infinite series of complex numbers 


Me=Utatate- tat 
k=1 
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is convergent if the sequence of partial sums {S,,}, where 

S,=Uytoatatest+zZ, 
converges. If S,, > L as n + oo, we say that the sum of the series is L. 
I| Geometric Series For the geometric series 


az’ '=ataztavt+-- +a i+: (2) 


Ma 


k 


1 


the nth term of the sequence of partial sums is 
S,=atazta?et+--t+az"!, (3) 


By multiplying S, by z and subtracting this result from S,,, we obtain S, — zS, = a — az”. Solving 
for S,, gives 
al — z" 
S, = ee (4) 
l= Zz 
Since z’ — 0 as n > 00, whenever |z| < 1 we conclude from (4) that (2) converges to 


a 


ll =z 


when |z| < 1; the series diverges when |z| = 1. The special geometric series 


1 
l =z 
1 
1+2z 


sltgteg ty ++ (5) 


=l=-z+r7-7 + (6) 


valid for |z| < 1, will be of particular usefulness in the next two sections. In addition, we shall use 


[=z 2 3 n-1 
io. ees tBter4z (7) 
in the alternative form 
1 gz" 
—SSi$zgt7 42 $e + oS (8) 
L=% l=Zz 


in the proofs of the two principal theorems of this chapter. 


| EXAMPLE3 | Convergent Geometric Series 


The series 


co +2) 142i 1 + 2i)° 1 + 2) 
S| eae bd a a aa. 
qo 5 5 5 5 


is a geometric series with a = (1 + 2i)/5 and z = (1 + 2i)/5. Since |z| = V5/5 < 1, the series 
converges and we can write 


1+ 2i 
Seay 5 4 is 
p> 5k itd 2 e 
5 


Theorem 19.1.2 Necessary Condition for Convergence 


If >;~, z% converges, then lim, _,., z, = 0. 
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An equivalent form of Theorem 19.1.2 is the familiar nth term test for divergence of an 
infinite series. 


Theorem 19.1.3. The nth Term Test for Divergence 


If lim,_,,, Z, # 0, then the series >); , z, diverges. 


For example, the series S¢_, (k + 5i)/k diverges since z, = (n + 5i)/n > 1 as n—> 00. The 
geometric series (2) diverges when |z| = 1, since, in this case, lim,_,,. |z"| does not exist. 


Definition 19.1.1 Absolute Convergence 


An infinite series };— , z; is said be absolutely convergent if ;— | |z;,| converges. 


| EXAMPLE 4 | Absolute Convergence 


The series };_, (i*/k*) is absolutely convergent since |i*/k*| = 1/k* and the real series 
Ye: (/k’) converges. Recall from calculus that a real series of the form >); , (1/k?) is called 


a p-series, p a real number, and converges for p > | and diverges for p = 1. = 
As in real calculus, 
Absolute convergence implies convergence. 


Thus in Example 4, because the series 


ve Be yee cate es 
ae! PO PR 


converges absolutely, it is also convergent. 
The following two tests are the complex versions of the ratio and root tests that are encountered 
in calculus: 


Theorem 19.1.4 —_ Ratio Test 


Suppose >;_ | z, is a series of nonzero complex terms such that 


Zntl 


= IL, (9) 


lim 


n—-oo 


(i) IfL< 1, then the series converges absolutely. 
(ii) If L > 1 or L = ov, then the series diverges. 
(iii) If L = 1, the test is inconclusive. 


Theorem 19.1.5 Root Test 


Suppose >;_ , zis a series of complex terms such that 


fim V7 (za) =o. (10) 


(i) IfL< 1, then the series converges absolutely. 


(ii) If L > 1 or L = ov, then the series diverges. 
(iii) If L = 1, the test is inconclusive. 


We are interested primarily in applying these tests to power series. 
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[| Power Series The notionofa power series is important in the study of analytic functions. 
An infinite series of the form 


Sale — a)" = ay + aye — %) + aE — HY + +, (11) 
k=0 


where the coefficients a, are complex constants, is called a power series in z — zy). The power 
series (11) is said to be centered at Z», and the complex point Z is referred to as the center of 


y ee the series. In (11), it is also convenient to define (z — z))° = 1 even when z = 2p. 
<—Zgl = AY 


I| Circle of Convergence Every complex power series has radius of convergence R, where 
Ris areal number. Analogous to the concept of an interval of convergence in real calculus, when 
0 < R <o, acomplex power series (11) has a circle of convergence defined by |z — z| = R. 
The power series converges absolutely for all z satisfying |z — zo] < R and diverges for |z — z| > R. 
See FIGURE 19.1.3. The radius R of convergence can be 


convergence 
0 ak 
R 


(i) zero (in which case (11) converges at only z = Zy), 
(ii) a finite number (in which case (11) converges at all interior points of the circle |z — z| = R), or 
(iii) oo (in which case (11) converges for all z). 


divergence 


FIGURE 19.1.3 A power series A power series may converge at some, all, or none of the points on the actual circle of convergence. 
converges at all points within the 


circle of convergence | EXAMPLES | Circle of Convergence 


Consider the power series S,_ , (z‘*'/k). By the ratio test (9), 


grt 
lim |— li 
im = hm a) = |2 
n—0o zrtl nooo N + 1 | | | | 
nN 


Thus the series converges absolutely for |z| < 1. The circle of convergence is |z| = 1 and the 
radius of convergence is R = 1. Note that on the circle of convergence, the series does not 
converge absolutely, since the series of absolute values is the well-known divergent harmonic 
series >;_, (1/k). Bear in mind this does not say, however, that the series diverges on the 
circle of convergence. In fact, at z = —1, S;_, ((—1)**'/k) is the convergent alternating 
harmonic series. Indeed, it can be shown that the series converges at all points on the circle 


lz] = 1 except at z = 1. = 


It should be clear from Theorem 19.1.4 and Example 5 that for a power series >).~ 9 a,(Z — 2)‘, 
the limit (9) depends on only the coefficients a,. Thus, if 


; ~ |4n+1 F . 

(i) = lim —~-| = L # 0, the radius of convergence is R = 1/L; 
n>oco| ay 

7 ~ |4n+1 : . 

(ii) lim |—“—| = 0, the radius of convergence 1S 00; 
n>oo| Gy, 

een qe [Ant] : 2 

(iii) lim |——| = oo, the radius of convergence is R = 0. 
noo n 


Similar remarks can be made for the root test (10) by utilizing lim,,_,., V |a,|- 


| EXAMPLE6 | Radius of Convergence 


= Gl Gai =i 


Consider the power series . Identifying a, = (—1)"*'/n!, we have 


iI kl 
(-1)"*? 
+ 1)! 1 
fey | =0 
n—0o (-1)""! noon + 1 
n! 
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Thus the radius of convergence is oo; the power series with center 1 + i converges absolutely 


for all z. 


| EXAMPLE7 | Radius of Convergence 


-.. Boke 1y¥ se ai 6n + 1\" 
Consider the power series > (z — 21)". With a, = , the root test in 


the form 


2k + 5 2n + 5 


k=1 


6n +1 
lim V/ja,| = lim -"—— = 3 


n—co n>oo 2n + 5 


shows that the radius of convergence of the series is R = i The circle of convergence is 


|z — 2i] = 4; the series converges absolutely for |z — 2i| < 4. = 


| 19.1 | Exercises Answers to selected odd-numbered problems begin on page ANS-41. 


In Problems 1-4, write out the first five terms of the given sequence. 


1. {57"} 
if pe") 
4. {(1 + 1)"} (Hint: Write in polar form.] 


2. {2+(-i"} 


In Problems 5—10, determine whether the given sequence 
converges or diverges. 


F {3} Ps {asi 
, n+ ni " (3ni + 5" 
7 { as 1} - {x + "| 

ni n+ 1 


Nea 


In Problems 11 and 12, show that the given sequence {z,,} 
converges to a complex number L by computing lim,,_,,, Re(z,,) 


and lim,,_,., Im(z,,). 
{ ( yt 
12. 
4 


10. fe!” + 2(tan-'n)i} 


{* + ani 
11. 4 ——_ 
2n +i 

In Problems 13 and 14, use the sequence of partial sums to show 
that the given series is convergent. 


2 1 1 
13. >| ; | 
oLA + 2i00 k++ 142i 


= 1 


i= K(k + 1) 


14. 


In Problems 15—20, determine whether the given geometric 
series is convergent or divergent. If convergent, find its sum. 


foe} [oe 1 k=1 
6 Sa=7' 16. S4i(+) 
k=0 k=1 3 


17. s() 18. ar 


co 2 k co i k 
19. 3 20. —— 
>> (; + xi misty 
In Problems 21-28, find the circle and radius of convergence of 
the given power series. 


20 1 
21. aaa & 2i)* 
22 >a i ) k 
"m1 +i)" 
23 Dy ve —-1-i* 2 Ss a + 3i* 
, k=1 kk , k=1 an) + 4i)* 
co oe) k 
a Satsnce-p§ 2 HS 
k=0 ik 
2 (z — 4 — 3i)* 
ay 
k=0 5 
oo 1+ 2i\ 
2. S(-1) (14) (c + 2i) 
k=0 


7 k 
i 
29. Show that the power series ys is not absolutely con- 


k 
vergent on its circle of sane Determine at least one 
point on the circle of convergence at which the power series 
converges. 3: 

30. (a) Show that the power series Bs = converges at every 
point on its circle of corivérgence. 

(b) Show that the power series s kz* diverges at every point 


k=l 
on its circle of convergence. 


/19.2| Taylor Series 


INTRODUCTION The correspondence between a complex number z within the circle of 
convergence and the number to which the series ;~ ;a,(z — Zo) converges is single-valued. 
In this sense, a power series defines or represents a function f; for a specified z within the 
circle of convergence, the number L to which the power series converges is defined to be the 
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value of f at z; that is, f(z) = L. In this section we present some important facts about the 
nature of this function f. 

In the preceding section we saw that every power series has a radius of convergence R. 
Throughout the discussion in this section, we will assume that a power series );— ;a,(z — 2)* 
has either a positive or an infinite radius R of convergence. The next three theorems will give 
some important facts about the nature of a power series within its circle of convergence |z — z)| = R, 
R#0. 


Theorem 19.2.1 Continuity 


A power series >; -y a,(z — Zo)“ represents a continuous function f within its circle of 
convergence |z — Z| = R, R # 0. 


Theorem 19.2.2. Term-by-Term Integration 


A power series >) a,(z — 2) can be integrated term by term within its circle of conver- 
gence |z — z,| = R, R # 0, for every contour C lying entirely within the circle of convergence. 


Theorem 19.2.3 Term-by-Term Differentiation 


A power series >; a;(z — Z)* can be differentiated term by term within its circle of 
convergence |z — z| = R, R # 0. 


il Taylor Series Suppose a power series represents a function f for |z — z| < R, R # 0; that is, 


ee) 


f(@ = > az — Zo) = dy + a(Z — %) + az — Zo)” + ax(z — Zo)" Peet, (1) 
k=0 


It follows from Theorem 19.2.3 that the derivatives of fare 


f'@= Sade — a)! =a, + 2a(z — %) + 3a,(z — HY (2) 
k=1 

f@)= Dek L)ay(z — 2)? = 2+ lay + 3+2a3(z — %) + > (3) 
k=2 

Pa Sek I)(k — 2)ax(z — z9)*3 = 3-2- 1a, + + (4) 
k=3 


and so on. Each of the differentiated series has the same radius of convergence as the original 
series. Moreover, since the original power series represents a differentiable function f within its 
circle of convergence, we conclude that when R # 0: 


A power series represents an analytic function within its circle of convergence. 


There is a relationship between the coefficients a, and the derivatives of f. Evaluating 
(1), (2), (3), and (4) at z = zo gives 


f() =a, Ff’ (Zo) = la, f"(%) = 2!a., and f(z) = 3!a3, 
respectively. In general, f(z) = n'a, or 


_ f (&) 
=——, n 


n! 


= 0. (5) 


a, 


When n = 0, we interpret the zeroth derivative as f(z)) and 0! = 1. Substituting (5) into (1) yields 


fore) (k) 
fo=> TO mai (6) 


i=0 &! 
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FIGURE 19.2.1 Circular contour C used 
in proof of Theorem 19.2.4 
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This series is called the Taylor series for f centered at z). A Taylor series with center z) = 0, 


00 Coa) 
f= SOP 


? 
i=o i! 


(7) 


is referred to as a Maclaurin series. 

We have just seen that a power series with a nonzero radius of convergence represents an 
analytic function. On the other hand, if we are given a function f that is analytic in some domain D, 
can we represent it by a power series of the form (6) and (7)? Since a power series converges in 
a circular domain, and a domain D is generally not circular, the question becomes: Can we expand 
fin one or more power series that are valid in circular domains that are all contained in D? The 
question will be answered in the affirmative by the next theorem. 


Theorem 19.2.4 —Taylor’s Theorem 


Let f be analytic within a domain D and let z) be a point in D. Then f has the series 
representation 


> fo) 


2k (Zz — %)* (8) 


AG) 


valid for the largest circle C with center at z) and radius R that lies entirely within D. 


PROOF: Let z be a fixed point within the circle C and let s denote the variable of integration. The 
circle Cis then described by |s — zo| = R. See FIGURE 19.2.1. To begin, we use the Cauchy integral 
formula to obtain the value of f at z: 


1 f(s) 1 f(s) 
fO= Fi =e oa c(S — %) — ( — %) (3) 
if {_1_| 
277i Je S — % ,- 27% 
S — Zo 


By replacing z by (z — Z)/(s — Zp) in (8) of Section 19.1, we have 


1 ae Z=%\ 2 ay Z— %)" 
=1+ + ( a4 (2) + a ~. 
_ £=% S— % S— % 5S % (s — z)(s — 2)” 


i= 29 


and so (9) becomes 


1 9) 22 my f(s) ie =a f(s) 
( ( 


Ss a so a 


io ay f(s) +e = =< 4 f(s) a 
Qari c(s — ane (s — z)(S — Z)" 


Utilizing Cauchy’s integral formula for derivatives, we can write (10) as 


f@ = 
(10) 


fle) = fla) +2 Te -g+f = = 4+ 
: (11) 
(n—1) 
+ ae = gy Rg), 
(z — %)" ¢ f(s) 
where R,(Z) = int Jie Deo at ds. 
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Equation (11) is called Taylor’s formula with remainder R,,. We now wish to show that R,(z) > 0 
as n — oo. Since fis analytic in D, |f(z)| has a maximum value M on the contour C. In addition, 
since z is inside C, we have |z — z| < R, and, consequently, 


ls—zl=|s—zy—-(-al=ls—-—2al—-k-zl=R-d, 


where d = |z — z | is the distance from z and zp. The ML-inequality then gives 


Sa S(s) al< 2. opp — MR (zy. 
277i (s — z)(s — Zp)” 27 (R — d)R" R-—d\R 


Because d < R, (d/R)" —> 0 as n > 00, we conclude that |R,,(z)| > 0 as n > oo. It follows that the 
infinite series 


[R,(z)| = 


f f ve =e x oe 


converges to f(z). In other words, the result in (8) is valid for any point z interior to C. = 


@ = 2) + 


We can find the radius of convergence of a Taylor series in exactly the same manner illustrated 
in Examples 5-7 of Section 19.1. However, we can simplify matters even further by noting that the 
radius of convergence is the distance from the center zy of the series to the nearest isolated singularity 
of f. We shall elaborate more on this concept in the next section, but an isolated singularity is a point 
at which f fails to be analytic but is, nonetheless, analytic at all other points throughout some neigh- 
borhood of the point. For example, z = 57 is an isolated singularity of f(z) = 1/(z — 51). If the function 
fis entire, then the radius of convergence of a Taylor series centered at any point z, is necessarily 
infinite. Using (8) and the last fact, we can say that the Maclaurin series representations 


is) 


Zz z aed 
an Se a ee 12 
‘ ii 3 Di Me 
s nt oo Dea] 
z, G Fé 
: — = as —eee = = — 13 
ace ae | 2! Ok + DI ust 
22 4 00 zk 
=1- >+>-.--= S(-1) 14 
ann 2 4! a Y Ob! a 


are valid for all z. 
If two power series with center Zp: 


Daz a Zo) and Dbz ~ Zo)" 
k=0 k=0 


represent the same function and have the same nonzero radius of convergence, then a, = b;,, 
k = 0,1, 2,.... Stated in another way, the power series expansion of a function with center Zp is 
unique. On a practical level, this means that a power series expansion of an analytic function f 
centered at Zo, irrespective of the method used to obtain it, is the Taylor series expansion of the 
function. For example, we can obtain (14) by simply differentiating (13) term by term. The 
Maclaurin series for e* can be obtained by replacing the symbol z in (12) by 2’. 


| EXAMPLE1 | Maclaurin Series 


Find the Maclaurin expansion of f(z) = 


1 
(l= 2 
SOLUTION We could, of course, begin by computing the coefficients using (8). However, 
we know from (5) of Section 19.1 that for |z| < 1, 


1 


H=ltzt7ftoter. (15) 
Lz 
Differentiating both sides of the last result with respect to z then yields 
i co 
———  =14+274+374+--= ket 
(1 — 2p = 


Since we are using Theorem 19.2.3, the radius of convergence of this last series is the same 
as the original series, R = 1. = 
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| EXAMPLE2 | Taylor Series 


Expand f(z) = = 


SOLUTION We shall solve this problem in two ways. We begin by using (8). From the first 
several derivatives, 


f'@= 


in a Taylor series with center zy = 2i. 


1 2-1 amg = 3:2 
b ° % = re 
(=z) d= (l= 2) 
we conclude that f(z) = n!/(1 — z)"*! and so f(2i) = n!/. — 2i)"*!. Thus from (8) we 
obtain the Taylor series 


Dia (z) — 


1 of 1 aa 
i-: ee ae (16) 


Since the distance from the center z) = 2i to the nearest singularity z = 1 is V5, we conclude 
that the circle of convergence for the power series in (16) is |z — 2i] = 5. This can be veri- 
fied by the ratio test of the preceding section. 


ALTERNATIVE SOLUTION In this solution we again use the geometric series (15). By adding 
and subtracting 27 in the denominator of 1/(1 — z), we can write 


1 1 _ 1 ol 1 
l-z l-z+2i-2i 1-2i-(- 21 i a a 
= 2h 
We now write ——; as a power series by using (15) with the symbol z replaced 
1 — 


oe 
by (z — 2i/(1 — 23): 


1 i — 2i — 2i\7 -—2i\ 
-taS8 (TN 
=z 1 —- 2i 1 —- 2i 1 —- 2i | = 25 


_ (z — 2i) + —— = 2h + — = 2 
= slo > 2i a ee ae = 2a oe 
1-2 (-2i (1 — 217° (1 — 2i)* 
The reader should verify that this last series is exactly the same as that in (16). = 
y \ = 
e—2il = V5 In (15) and (16) we represented the same function 1/(1 — z) by two different power series. 
The first series 
1 
=l+zgtetet- 
1-z 


has center zero and radius of convergence one. The second series 


ee ee e= 09 2" = 0984 "ee 
Am » De 1-2 dao, (= 25" Gd = 20° 


has center 2i and radius of convergence V5. The two different circles of convergence are il- 
Idl=1 lustrated in FIGURE 19.2.2. The interior of the intersection of the two circles (shaded) is the region 

where both series converge; in other words, at a specified point z* in this region, both series 
FIGURE 19.2.2 Series (15) and (16) both converge to the same value f(z*) = 1/(1 — z*). Outside the shaded region, at least one of the two 
converge within the shaded region series must diverge. 


| 19.2 — Answers to selected odd-numbered problems begin on page ANS-41. 
In Problems 1—12, expand the given function in a Maclaurin &. f@=e" 6 f(2) =ze* 
series. Give the radius of convergence of each series. 7. f(z) = sinh z 8. f(z) = coshz 
z 1 = Zz a 
1. = 2. = 9. f(z) = cos — 10. f(z) = sin 3z 
(O= a (ee yy 
_ 1 [ Zz 11. f(z) = sinz 
3. f(z) = (+ 22° 4. f@ = a-» 12. f(z) = cos’z [Hint: Use a trigonometric identity. ] 
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In Problems 13-22, expand the given function in a Taylor series 
centered at the indicated point. Give the radius of convergence 
of each series. 


3. f@) = lk, m= 1 14. f(z) = Iz, mw=1lt+i 


15. f(z) = zy Oe 2i 16. fi? = 2a Ni 
Zl 1 

Me »%m=1 18. f(z) = ei 
=z l-z 

19. f(z) =cosz, ~= 7/4 20. f(z)=sinz, ~= W/2 

21. f(2) = e. Z = 3i 22. f@ = (z nee lew, “= 1 


In Problems 23 and 24, use (7) to find the first three nonzero 
terms of the Maclaurin series of the given function. 


23. f(z) = tan z 24. f(z) = eta 
In Problems 25 and 26, use partial fractions as an aid in 


obtaining the Maclaurin series for the given function. Give 
the radius of convergence of the series. 


oT 
25. f(z) = 26. f(z) = Ses 


i 
(=D = 21) 
In Problems 27 and 28, without actually expanding, determine 


the radius of convergence of the Taylor series of the given 
function centered at the indicated point. 
4 + 5z 
27. f(z) = —\, 3 =21+5i 
f( ) 1+ 2 10) 
28. f(z) =cotz, % = Ti 


In Problems 29 and 30, expand the given function in the Taylor 

series centered at the indicated points. Give the radius of conver- 
gence of each series. Sketch the region within which both series 
converge. 


1 
29. f= TT z=-l, wai 


1 
30. I@ => Zy=1t+i, ~=3 


31. (a) Suppose the principal branch of the logarithm f(z) = Ln z = 
log,|z| + i Arg z is expanded in a Taylor series with center 
Z% = —1 +17. Explain why R = 1 is the radius of the largest 
circle centered at zy = —1 + i within which fis analytic. 

(b) Show that within the circle |z — (—1 + i)| = 1 the Taylor 
series for fis 
1 37 Sg ea - 
Ln z 5 log.2 + re S7( 5 yer it. 
(c) Show that the radius of convergence for the power series 
in part (b) is R = V2. Explain why this does not contra- 
dict the result in part (a). 

32. (a) Consider the function f(z) = Ln(1 + z). What is the radius 
of the largest circle centered at the origin within which f 
is analytic? 

(b) Expand fin a Maclaurin series. What is the radius of 
convergence of this series? 

(c) Use the result in part (b) to find a Maclaurin series for 
Ln(1 — z). 


1+ 
(d) Find a Maclaurin series for ne 2) 
= 


In Problems 33 and 34, approximate the value of the given 
expression using the indicated number of terms of a Maclaurin 


series. 
op sey 
34. sin 


two terms 
0 
35. In Section 15.1 we defined the error function as 


2 [' _p 
erf(z) = —= | e ‘dt. 
Var bo 
Find a Maclaurin series for erf(z). 
36. Use the Maclaurin series for e““ to prove Euler’s formula for 
complex z: 


33. et) three terms 


e* = cosz+ isin z. 


/19.3| Laurent Series 


INTRODUCTION If acomplex function f fails to be analytic at a point z = zo, then this point 
is said to be a singularity or a singular point of the function. For example, the complex numbers 
z = 2iand z = —2iare singularities of the function f(z) = zl(2 + 4) because fis discontinuous 
at each of these points. Recall from Section 17.6 that the principal value of the logarithm, Ln z, 
is analytic at all points except those points on the branch cut consisting of the nonpositive x-axis; 
that is, the branch point z = 0 as well as all negative real numbers are singular points of Ln z. In 
this section we will be concerned with a new kind of “power series” expansion of f about an 
isolated singularity z). This new series will involve negative as well as nonnegative integer 


powers of z — Zp. 


[| Isolated Singularities Suppose that z = zp is a singularity of a complex function f. 
The point z = Z, is said to be an isolated singularity of the function fif there exists some deleted 
neighborhood, or punctured open disk, 0 < | z — zy | < R of Z throughout which fis analytic. For 
example, we have just seen that z = 2i and z = —2i are singularities of f(z) = z/(2 + 4). Both 
2i and —2i are isolated singularities since fis analytic at every point in the neighborhood defined 
by |z — 2i| < 1 except at z = 2i and at every point in the neighborhood defined by | z — (—2i)| < 1 
except at z = —2i. In other words, if fis analytic in the deleted neighborhood, 0 < |z — 2i| < 1 
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and 0 <|z + 2i| < 1. On the other hand, the branch point z = 0 is not an isolated singularity of 
Ln z since every neighborhood of z = 0 must contain points on the negative x-axis. We say that 
a singular point z = z, of a function fis nonisolated if every neighborhood of zy contains at least 
one singularity of f other than z). For example, the branch point z = 0 is a nonisolated singular- 
ity of Ln z since every neighborhood of z = 0 contains points on the negative real axis. 


I| A New Kind of Series Ifz= Zp is a singularity of a function f, then certainly f cannot be 
expanded in a power series with zy as its center. However, about an isolated singularity z = Zp it 
is possible to represent fby a new kind of series involving both negative and nonnegative integer 
powers of z — Zp; that is, 


a_» a_\ 


(Zz - zy Zo £0 


f= + + dy + ay(z — 2%) + az — HY +. 


Using summation notation, the last expression can be written as the sum of two series 


f(2) = Sa_kz _ Zp) * =F Sadz = Zy)*. (1) 
k=1 k=0 


The two series on the right-hand side in (1) are given special names. The part with negative 
powers of z — Zp; that is, 


a__ 


Dd a-Z a Zp) = > 


k 
k=1 k=1 (Z — 2) 


is called the principal part of the series (1) and will converge for |1/(z — z)| < r* or equivalently 
for |z — zy | > 1/r* = r. The part consisting of the nonnegative powers of z — Zp, 


co 
k 
> aAkZ — Zo) 
k=0 


is called the analytic part of the series (1) and will converge for |z — z| < R. Hence, the sum of 
these parts converges when z both |z — z| > r and |z — z| < R; that is, when z is a point in an 
annular domain defined by r < |z — z| < R. 

By summing over negative and nonnegative integers, (1) can be written compactly as 


co 


fg= = az — ie 
k=-—co 
The next example illustrates a series of the form (1) in which the principal part of the series 
consists of a finite number of nonzero terms, but the analytic part consists of an infinite number 
of nonzero terms. 


| EXAMPLE1 | A New Kind of Series 


The function f(z) = (sin z/z is not analytic at z = 0 and hence cannot be expanded in a 
Maclaurin series. However, sin zis an entire function, and from (13) of Section 19.2 we know 
that its Maclaurin series, 


converges for all z. Dividing this power series by z° gives the following series with negative 
and nonnegative integer powers of z: 


sinz 1 1 2 2 
a 2 BL ek i 


This series converges for all z except z = 0; that is, for 0 < [zI. = 


A series representation of a function that has the form given in (1), and (2) is such an example, 
is called a Laurent series or a Laurent expansion of /. 
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FIGURE 19.3.1 Contour in Theorem 19.3.1 


FIGURE 19.3.2 C, and C, are concentric 
circles 


Theorem 19.3.1 


Laurent’s Theorem 


Let f be analytic within the annular domain D defined by r < |z — z| < R. Then f has the 
series representation 


co 


oS Adz ro aa (3) 


=—0o 


Io = 
valid for r < |z — z| < R. The coefficients a, are given by 


pone f(s) F 

Te) 

where C is a simple closed curve that lies entirely within D and has Zp in its interior (see 
FIGURE 19.3.1). 


ke = @, 3EI, FE, oc (4) 


PROOF: Let C, and C, be concentric circles with center z) and radii r, and Rj, where 
r<r,<R,<R.Letzbea fixed point in D that also satisfies r, <|z — zp| < Ry. See FIGURE 19.3.2. 
By introducing a cross cut between C, and C, we find from Cauchy’s integral formula that 


(sb weg 2 (5) 
21 


iJco 5 — Z 2m ICS — % 


Proceeding as in the proof of Theorem 19.2.4, we can write 


f(s) Sg 
amides — 2 ds = Dale Z0)s (6) 
f(s) 
where = mito HO; 1 Dacia: (7) 


Now using (5) and (8) of Section 19.1, we have 
1 Ss 1 
- fs), 


277i Jo8 — Z 277i 


f(s) 


Zo) — (8 — 2) 


Gi (z - 


1 2 1 
= 5 ds 
277i Jo Zz — % 1- S ~~ %o 
1 = _ 2 
_ 4 f(s) fie! ae ae 
277i Jc,% — % Z- %& Z— 2% 
sr n-1 
+( 2) + 
Z— &% 


(8) 
(s — Z)" 


= oG= Se} - 


EP BN 
= n v4 ° 
far (ee Zo)" 
1 f(s) 
where a4 = 5 fo yl ds, k = 1, 2,3,..., (9) 
and R,(z) = : NS = 20) d. 


2Ti(z — Z~)"Je 27S 


Now let d denote the distance from z to Zp; that is, |z — 
value of |f(z)| on the contour C;. Since |s — z| = r;, 


Z| = d, and let M denote the maximum 


Iz-sl=lz-z—-(s — zal Zlz — al —|s -—al=d-7. 
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FIGURE 19.3.3 Annular domains for 


Example 2 
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The ML-inequality then gives 
1 f(s)(s — 2) |= 1 Mri Mr, (2y. 


: = = = -207r, = 
27i(z — Zp) 2ad" d—-r, d-r, 


|R,(z)| = = 
va S 


Because r, < d, (r;/d)" > 0 as n> oo and so |R,,(z)| > 0 as n > oo. Thus we have shown that 


a, eee. (10) 


21 JoS — 2 i = 20) 
where the coefficients a_, are given in (9). Combining (6) and (10), we see that (5) yields 
fz al(Z — %) + (11) 
f@ = dant a Die 


Finally, by summing over nonnegative and negative integers, we can write (11) as 
FD = Dee-wo he (Z - zo)*. However, (7) and (9) can be written as a single integral: 
1 f(s) 


Qmi Jo (s — zk! 


ds, k=0, +1, +2,..., 


an = 


where, in view of (3) of Section 18.2, we have replaced the contours C, and C, by any simple 


closed contour C in D with zy in its interior. = 


In the case when a_, = 0 fork = 1, 2,3,..., the Laurent series (3) is a Taylor series. Because 
of this, a Laurent expansion is a generalization of a Taylor series. 

The annular domain in Theorem 19.3.1 defined by r < |z — z| < R need not have the “ring” 
shape illustrated in Figure 19.3.2. Some other possible annular domains are (i) r = 0, R finite; 
(ii) r # 0, R > oo; and (iii) r = 0, R — oo. In the first case, the series converges in the annular 
domain defined by 0 < |z — z| < R. This is the interior of the circle |z — z| = R except the 
point zp. In the second case, the annular domain is defined by r < |z — z,|; in other words, the 
domain consists of all points exterior to the circle |z — z,| = r. In the third case, the domain is 
defined by 0 < |z — z|. This represents the entire complex plane except the point z). The series 
we obtained in (2) is valid on this last type of domain. 

In actual practice, the formula in (4) for the coefficients of a Laurent series is seldom used. As 
a consequence, finding the Laurent series of a function in a specified annular domain is generally 
not an easy task. We often use the geometric series (5) and (6) of Section 19.1 or, as we did in 
Example |, other known series. But regardless of how a Laurent expansion of a function fis obtained 
in a specified annular domain, it is the Laurent series; that is, the series we obtain is unique. 


| EXAMPLE2 | Laurent Expansions 


1 
Expand f(z) = ar ina Laurent series valid for (a) 0 < |z| < 1, (b) 1 <|zl,(Q0<|z—- 1]<1, 
az — 


and (d) 1 < [z — lJ. 
SOLUTION The four specified annular domains are shown in FIGURE 19.3.3. In parts (a) and (b), 
we want to represent fin a series involving only negative and nonnegative integer powers of z, 


whereas in parts (c) and (d) we want to represent fin a series involving negative and nonnegative 
integer powers of z — 1. 


1 1 
(a) By writing f@=--= ; 
Z1 = % 
we can use (5) of Section 19.1: 
i 
f@=—- FU tees ee to], 


The series in the brackets converges for |z| < 1, but after this expression is multiplied by 1/z, 
the resulting series 


1 1 ) 
f@ : =z 


converges for 0 < [z| < 1. 
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(b) To obtain a series that converges for 1 < |z| we start by constructing a series that converges 
for |1/z| < 1. To this end we write the given function f as 


and again use (5) of Section 19.1 with z replaced by 1/z: 


Ores ie eae ae ea a 
z 2 zg 2 


The series in the brackets converges for |1/z| < 1 or equivalently for 1 < |z|. Thus the required 
Laurent series is 


i, . 3-4 
fO=artatatat 


(c) This is basically the same problem as part (a) except that we want all powers of z — 1. To 
that end we add and subtract 1 in the denominator and use (6) of Section 19.1 with z replaced 
byz— I: 

1 
= 1+ 2) = 1) 


1 1 
z-1ll+(- 1) 


i= al 


= -@-)+@- 1 -@- 1 + 


2 
Zz 1 


The series in brackets converges for |z — 1| < 1, and so the last series converges for 
0<|z-I1]<1. 
(d) Proceeding as in part (b), we write 


FO 1 1 1 
AS = 
=Ll1l+¢= = 1 
z Z=1) -& Ly at 1 
ame | 
= 1 i= 1 se 1 _ 1 ian 
eat 8 g=—1 Ged GT 
1 1 1 1 


"Go @€-f Geom t=” 


Because the series within the brackets converges for |1/(z — 1)| < 1, the final series converges 
for 1 <|z— 1]. = 


| EXAMPLE3 | Laurent Expansions 


1 
Expand f(z) = @— D2 — 3) 
(b) 0 <|z - 3] <2. 


in a Laurent series valid for (a) 0 < |z — 1| < 2 and 


SOLUTION (a) As in parts (c) and (d) of Example 2, we want only powers of z — 1, and so we 
need to express z — 3 in terms of z — 1. This can be done by writing 


1 1 il 

eo =e) Eo 2a) 
i 1 

Ae - WL z-1 


2 
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and then using (5) of Section 19.1 with z replaced by (z — 1)/2: 


| e=4d aly =i... .. 
f@ 3 — DP aT 1+ 5 + > + 73 + 


(12) 
7 a: oe ee ae 
%—-1y 42-1) 8 16% 


(b) To obtain powers of z — 3 we write z — 1 = 2 + (z — 3) and 


1 
1G = 3) 


f@ = 


1 aes 1 
ee a ee) -5|! 2 


ee z= 3), : ; ae 
At this point we can expand 1 oF ad in a power series using the general binomial 
theorem: 


ar = “a = _ 2 = _ _ = 3 
{© = I i+! > (2 2) 4! 2)(—3) (2 3) 4 © 2-3)( BE 5) + 
A(z — 3) 1! 2 2! 2 3! 2 


The binomial series is valid for |(z — 3)/2| < 1 or |z — 3| < 2. Multiplying this series by 
1/4(z — 3) gives a Laurent series that is valid for 0 < |z — 3] < 2: 


f@) = ete - 3) - Se - 3 + 
o Ae 8) a” 16" ." 


| EXAMPLE4 | A Laurent Expansion 


8 +1, : ‘ 
Expand f(z) = ———~ in a Laurent series valid for 0 < |z| < 1. 
z 


(1 — 2) 
SOLUTION By (5) of Section 19.1 we can write 


8z + | 8z+1 1 
21 — z) Zz lz 


1 
f= -(stt)ateretetey 


We then multiply the series by 8 + 1/z and collect like terms: 
1 
JOm ts des On + ve 


The geometric series converges for |z| < 1. After multiplying by 8 + 1/z, the resulting Laurent 


series is valid for 0 < |z| < 1. = 


In the preceding examples, the point at the center of the annular domain of validity for each 
Laurent series was an isolated singularity of the function f. A reexamination of Theorem 19.3.1 
shows that this need not be the case. 


y 
,-hUC<Tw | EXAMPLE5 — | A Laurent Expansion 
7 sy 
{ — i. 1 
{ y y ‘ Expand f(z) = =) in a Laurent series valid for 1 < |z — 2| < 2. 
az — 
\ | 
I * 
. \ ic = , SOLUTION The specified annular domain is shown in FIGURE 19.3.4. The center of this domain, 
x Deal 7 z = 2, is a point of analyticity of the function f: Our goal now is to find two series involving 
‘Sy a integer powers of z — 2: one converging for 1 < |z — 2| and the other converging for |z — 2| < 2. 
fae To accomplish this, we start with the decomposition of f into partial fractions: 
: 1 1 
FIGURE 19.3.4 Annular domain for f= + = f(z) + file). (13) 
Example 5 Z g¢= 1 
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N = — 
ee A) z I ¢=2 
ol 1 
=. 
1+ 
2 
1 =2 =P = 2 
1|,-2 ge ea 
2 2 2 2 
1 =2 — 2 = oy 
ee _&-% ,& stig 
2 2 2 2 


This series converges for |(z — 2)/2| < 1 or |z — 2| < 2. Furthermore, 


AO 1 di 1 1 
2) = ae 
Z 1 1+z-2 Zz ae 1 
Z= 2 
1 1 1 1 
— 1- + ad zoe 
me) zZ=2 (f= 2) (Z = 2) 
1 1 1 1 


— + — 
e-2 @=2) @=2y G=7y 
converges for |I/(z — 2)| < 1 or 1 <|z — 2]. Substituting these two results in (13) then gives 


1 1 1 1 1 2-2 @-2% («2 
is a. zt = 0 a 3 + 4 ~ 
(z — 2) (z — 2) (z — 2) g=—2 2 2 2 2 


This representation is valid for 1 < |z — 2| < 2. = 


| EXAMPLE6 | A Laurent Expansion 


Expand f(z) = e*” in a Laurent series valid for 0 < |zI. 


SOLUTION From (12) of Section 19.2 we know that for all finite z, 


2 3 
— a eae ee 
Ore va ag © : (14) 
By replacing z in (14) by 3/z, z # 0, we obtain the Laurent series 
3? 7 
ae?” 3iz3 


3 
ee ee foe 


This series is valid for 0 < |zI. 


REMARKS 


In conclusion, we point out a result that will be of particular importance to us in Sections 19.5 
and 19.6. Replacing the complex variable s with the usual symbol z, we see that when k = —1, 
(4) for the Laurent series coefficients yields 


1 
Oi = apse dz 


or, more importantly, the integral can be written as 


$00) dz = 27ia_,. 
G 
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| 19.3 | |Exercises Answers to selected odd-numbered problems begin on page ANS-42. 


In Problems 1-6, expand the given function in a Laurent series 
valid for the indicated annular domain. 


SZ 
, 0< Id 


1. f(z) = 


(ore) 
Zz 
Z— sinz 
2 f(2= a 0 < {el 
3 f@=e'*, 0<Iz 


1-é& 


4. f(2) = 2 2) 0<Iel 


e 
5 fH) =— 7 0s e=1I 


1 
6. f(z) = zcos 2 0 < lel 


In Problems 7—12, expand f(z) = in a Laurent series 


ede 2 
2(z — 3) 
valid for the indicated annular domain. 
7. 0<\|d<3 8 Iz >3 
9. 0<|z-3|<3 10. |z—3|>3 
WW. 1<|z-—4| <4 12, 1<|z+1|<4 


In Problems 13-16, expand f(z) = in a Laurent 


(z — I) — 2) 
series valid for the indicated annular domain. 


13. 1<|z)<2 14. |z| >2 


15. 0<|z-1]/<1 16. 0<|z-2/<1 


In Problems 17-20, expand f(z) = in a Laurent 


Z 
(z + I) — 2) 
series valid for the indicated annular domain. 
17. 0<|z+ I| <3 18. |z+ 1] >3 
19. 1<|zgl<2 20. 0<|z-2|<3 


In Problems 21 and 22, expand f(z) = 5 ina Laurent 


es 
z(1. =z) 
series valid for the indicated annular domain. 
21. 0<I|d<1 22. |Z} >1 

1 : 

; ina 

(2 — 2)z@ - 1y 
Laurent series valid for the indicated annular domain. 
23. 0<|z-2|<1 24. O<|z-1|<1 


In Problems 23 and 24, expand f(z) = 


1Z = 3 

In Problems 25 and 26, expand f(z) = a in a Laurent 
az — 

series valid for the indicated annular domain. 

2. 0<(|d<1 26. 0<|z-1|<1 
2-—2z+2, 

In Problems 27 and 28, expand f(z) = earner tas in a Laurent 


series valid for the indicated annular domain. 
27. 1<|z-1|J 28. 0<|z-2| 


/19.4| Zeros and Poles 


INTRODUCTION Suppose that z = z is an isolated singularity of a function f and that 


f@= > 


k=—-oo 


a(Z — %)* = Sac = Sq) oe Sac — Zo)" (1) 
k=1 k=0 


is the Laurent series representation of f valid for the punctured open disk 0 < |z — z| < R. We saw 
in the preceding section that a Laurent series (1) consists of two parts. That part of the series in 
(1) with negative powers of z — Zp, namely, 


Ya--a*= > 
k=1 


= (2) 


k 
k=1 (Z — 2%) 


is the principal part of the series. In the discussion that follows we will assign different names 
to the isolated singularity z = z) according to the number of terms in the principal part. 


[| Classification of Isolated Singular Points An isolated singular point z = z of a 
complex function f is given a classification depending on whether the principal part (2) of its 
Laurent expansion (1) contains zero, a finite number, or an infinite number of terms. 


(i) If the principal part is zero; that is, all the coefficients a_;, in (2) are zero, then z = Zp is 
called a removable singularity. 

(ii) If the principal part contains a finite number of nonzero terms, then z = Z, is called a pole. 
If, in this case, the last nonzero coefficient in (2) is a_,, n = 1, then we say that z = zy isa 
pole of order n. If z = zp is a pole of order 1, then the principal part (2) contains exactly 
one term with coefficient a_,. A pole of order | is commonly called a simple pole. 
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(iii) If the principal part (2) contains infinitely many nonzero terms, then z = Zp is called an 
essential singularity. 


The following table summarizes the form of the Laurent series for a function f when z = Zp, 
is one of the above types of isolated singularities. Of course, R in the table could be oo. 


Z=2% Laurent Series 


Removable singularity dy + a(Z — %) + O(z — HW) + 


a_n a_(n-1) a_, 
Pole of order n 7 + = +a ta(z-— 4) +°" 
(Z — %) (z — 2%) Zo £0 
a_ 
Simple pole ; =e + ay) t+ a(z — %) + ale -— a)? +°° 
0 


a_yz a_\ 


Gay > mH 


| EXAMPLE1 | Removable Discontinuity 


Proceeding as we did in (2) of Section 19.3, we see from 


Essential singularity + ay + az — %) + az — HY +0" 


sin Z Z Zz 
Z 3! 5! (3) 


that z = 0 is aremovable singularity of the function f(z) = (sin z)/z. = 


If a function f has a removable singularity at the point z = Zp, then we can always supply an 
appropriate definition for the value of f(z,) so that f becomes analytic at the point. For instance, 
since the right side of (3) is 1 at z = 0, it makes sense to define f(0) = 1. With this definition, the 
function f(z) = (sin z)/z in Example | is now analytic at z = 0. 


| EXAMPLE2 | Poles and Essential Singularity 


(a) From 


principal part 


giz 1 2 


2 z 3! 5!” 


0 < zl, we see that a_, # 0, and so z = O is a simple pole of the function f(z) = (sin z)/z’. The 
function f(z) = (sin z)/z’ represented by the series in (2) of Section 19.3 has a pole of order 2 
atz = 0. 

(b) InExample 3 of Section 19.3 we showed that the Laurent expansion of f(z) = 1/(z — 1)°(z — 3) 
valid for 0 < |z — 1| < 2 was 


principal part 


1 1 1 <z-l 


A™-1% 42-1) 8 16 


f@) 


Since a_, # 0, we conclude that z = | is a pole of order 2. 
(c) From Example 6 of Section 19.3 we see from the Laurent series that the principal part 
of the function f(z) = e*” contains an infinite number of terms. Thus z = 0 is an essential 


singularity. = 


In part (b) of Example 2 in Section 19.3, we showed that the Laurent series representation of 
f(z) = Wz — 1) valid for 1 < |z| is 


1 1 1 1 
A aber aie os fo age OS 


19.4 Zeros and Poles | 895 


896 


The point z = 0 is an isolated singularity of f and the Laurent series contains an infinite number 
of terms involving negative integer powers of z. Does this mean that z = 0 is an essential singu- 
larity of f? The answer is “no.” For this particular function, a reexamination of (1) shows that 
the Laurent series we are interested in is the one with the annular domain 0 < |z| < 1. From 
part (a) of that same example we saw that 


1 2 
f(@) Pann ee ane 


was valid for 0 < |z| < 1. Thus we see that z = 0 is a simple pole. 


eros ecall that zp 1s a zero of a function f if f(z)) = 0. An analytic function f has a zero 
4 Recall that zo i f a function f if f(zo) = 0. An analytic function f h 
of order n at z = z) if 

FZ) = 0, f'G) = 0, fF") =9, 45 FG) = 0, but FM) # 0. (4) 


For example, for f(z) = (z — 5)° we see that f(5) = 0, f(5) = 0,,f"(5) = 0, but f’(5) = 6. Thus 
z = 5 isa zero of order 3. If an analytic function f has a zero of order n at z = Zp, it follows 
from (4) that the Taylor series expansion of f centered at z) must have the form 


F(Z) = a,(Z — 2%)" + Aya — zit! + Ay 42(Z - Zp)? ats ie 


= (z ~~ Zo)" Lan + Ani 7 cay) + On 2Z ~ Zo)” + mal 


(5) 


where a, # 0. 


| EXAMPLE3 | Order of a Zero 


The analytic function f(z) = z sin z* has a zero at z = 0. By replacing z by z* in (13) of 
Section 19.2, we obtain 


oS 
and so fo = zsine? = 21 -F4 F =~] 
Comparing the last result with (5) we see that z = 0 is a zero of order 3. = 


A zero 2, of a nontrivial analytic function f is isolated in the sense that there exists some 
neighborhood of z,) for which f(z) # 0 at every point z in that neighborhood except at z = Zp. As 
a consequence, if zy is a zero of a nontrivial analytic function f, then the function 1/f(z) has an 
isolated singularity at the point z = Zp. The following result enables us, in some circumstances, 
to determine the poles of a function by inspection. 


Theorem 19.4.1 Pole of Order n 


Tf the functions f and g are analytic at z = z) and f has a zero of order n at z = zy and g(zy) # 0, 
then the function F(z) = g(z)/f(z) has a pole of order n at z = Zp. 


| EXAMPLE4 | Order of Poles 


(a) Inspection of the rational function 


Do FO 
FG) = 4 
@-— DG + 5)@ — 2) 
shows that the denominator has zeros of order | at z = 1 and z = —5, and a zero of order 4 at 
z = 2. Since the numerator is not zero at these points, it follows from Theorem 19.4.1 that F 
has simple poles at z = 1 and z = —5, and a pole of order 4 at z = 2. 


(b) In Example 3 we saw that z = is a zero of order 3 of f(z) = zsin z’. From Theorem 19.4.1, 


we conclude that the function F(z) = 1/(z sin z’) has a pole of order 3 at z = 0. = 


From the preceding discussion, it should be intuitively clear that if a function has a pole at 
Z = 2%, then | f(z)| > 00 as z > Z from any direction. 
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| 19.4 Exercises Answers to selected odd-numbered problems begin on page ANS-42. 


In Problems 1 and 2, show that z = 0 is a removable singularity In Problems 13-24, determine the order of the poles for the 
of the given function. Supply a definition of f(0) so that fis given function. 
analytic at z = 0. 3z - 6 
: 13. =o oe 14. = 35 
; eet ; _ sin4z — 4z 1) g +2245 oe x 
Ler - FQ = 3 1+ 4i z-1 
8 IO Crags © JO" CeneseD 
In Problems 3-8, determine the zeros and their orders for the aka 
given function. 17. f(z) = tan z 18. f(z) = 
. z 
3. fi) =(+2-iP 4. f(z) =z — 16 ir—/caehe oe 
9 19. f(z) = ——,— 20. f= 5 
5. fD=7+2 6. faa2t— f(z) aa FAC) 2 
Z Z : ae | 
1. f@=e=-e& 8. f(z) = sin’z 21. f(z) = i : 22. f(z) = Fi 
—€ Zz 
In Problems 9-12, the indicated number is a zero of the given sin z cosz — cos 2z 
function. Use a Maclaurin or Taylor series to determine the 23. f(z) = vag 24. f(z) = a se 
rer Oraneeer: ; 25. Determine whether z = 0 is an isolated or nonisolated 
9. f(z) = 21 — cos’); z= 0 singularity of f(z) = tan (1/z). 
10. f(z) =z—sinz; z=0 26. Show that z = 0 is an essential singularity of f(z) = 2 sin(1/z). 


1. f(Q=1-—e'; z=1 
12, fi) =l-awitztes z= 


/195| Residues and Residue Theorem 


INTRODUCTION We saw in the last section that if the complex function f has an isolated 
singularity at the point Zp, then f has a Laurent series representation 


I@) = > alz— zw) =o + @-2 a-| 
k 


emer Gay 47% 


+ dg + a(z — 2%) + °°, 


which converges for all z near z). More precisely, the representation is valid in some deleted 
neighborhood of Zp, or punctured open disk, 0 < |z — z9| < R. In this section our entire focus will 
be on the coefficient a_, and its importance in the evaluation of contour integrals. 


[| Residue The coefficient a_, of 1/(z — zo) in the Laurent series given above is called the 
residue of the function f at the isolated singularity z). We shall use the notation 


a_, = Res (f(2), 2) 


to denote the residue of f at zp). Recall, if the principal part of the Laurent series valid for 
0 <|z — z| < R contains a finite number of terms with a_,, the last nonzero coefficient, then z) 
is a pole of order n; if the principal part of the series contains an infinite number of terms with 
nonzero coefficients, then zp is an essential singularity. 


| EXAMPLE1 | Residues 


(a) In Example 2 of Section 19.4 we saw that z = | is a pole of order 2 of the function 
f(@ = VUe- 1)°(z — 3). From the Laurent series given in that example we see that the coef- 
ficient of 1/(z — 1) is a_, = Res (f(z), 1) = — i. 

(b) Example 6 of Section 19.3 showed that z = 0 is an essential singularity of f(z) = e°”. 
From the Laurent series given in that example we see that the coefficient of 1/z is 
a_, = Res (f(z), 0) = 3. = 
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Later on in this section we will see why the coefficient a_, is so important. In the meantime 
we are going to examine ways of obtaining this complex number when Zp is a pole of a function 


f without the necessity of expanding f in a Laurent series at z). We begin with the residue at a 


simple pole. 


Theorem 19.5.1 Residue at a Simple Pole 


If f has a simple pole at z = Z, then 


Res (f(z), Zo) = that Gaara): (1) 


PROOF: Since z = zy is a simple pole, the Laurent expansion of f about that point has the 
form 


a_| 
Z— && 


f@) = + tg + a(Z — %) + az — |) +>. 


By multiplying both sides by z — Zz, and then taking the limit as z —> Zp, we obtain 
lim (Z — 2) f(z) = lim [a_, + ag(z — 2) + ay(z — Z)" + +++] = a_, = Res(f(@), %). = 


ZZ IZ 


Theorem 19.5.2. Residue at a Pole of Order n 


If f has a pole of order n at z = Zp, then 


intl 


1 be n 
Res (f(z), Zo) = @— DI ie a (ale (2) 


PROOF: Since f is assumed to have a pole of order n, its Laurent expansion for 0 < |z — z|<R 
must have the form 


n a_9 a_| 


a_ 
f(2) = 


——*_ ++ + ay) + a,(z -— %) + °°. 

(Z — 2%)" (2-2) %-% : : 

We multiply the last expression by (z — Zy)”: 

(Z = 20)'F]) = an Fore FOZ = A)" + Z— A)" + aglZ — 2)" + aE — Zo)" +o 
and then differentiate n — | times: 


no 


a (z — Z9)"f(z) = (n — W!a_, + nlag(z — %) +-°°. (3) 
Since all the terms on the right side after the first involve positive integer powers of z — Zo, the 
limit of (3) as z > Zp is 


n- 


d 1 
lim —— ( — 2)"f(@) = (n — I)!a_). 
2% AZ 


Solving the last equation for a_, gives (2). 
Note that (2) reduces to (1) when n = 1. 


| EXAMPLE2 | Residue at a Pole 


The function f(z) = 


- has a simple pole at z = 3 and a pole of order 2 at z = 1. 
= IG 3) 
Use Theorems 19.5.1 and 19.5.2 to find the residue at each pole. 
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SOLUTION Since z = 3 is a simple pole, we use (1): 


Res( f(z), 3) = lim ( ~ 3)f@) = lim-—T5 = 7 


Now at the pole of order 2 it follows from (2) that 


1d : 
Res (f(z), 1) = 7, lim 3 & — 1¥f@ 


1! zl 


= lim =-—-, = 


When f is not a rational function, calculating residues by means of (1) can sometimes be 
tedious. It is possible to devise alternative residue formulas. In particular, suppose a function f 
can be written as a quotient f(z) = g(z)/h(z), where g and hare analytic at z = Zp. If g(z)) # 0 and 
if the function / has a zero of order | at zp, then f has a simple pole at z = z, and 


An alternative method for _ § (Zo) 

computing a residue at a > Res(f(Z), Zo) = ies. (4) 
h'(Zo) 

simple pole. 


To see this last result, we use (1) and the facts that A(z) = 0 and that lim,_,.. (A(z) — h(Z))M(z — Zo) 
is a definition of the derivative h’(z): 


een ee a os oe 7 on 


LZ. — £6 


Analogous formulas for residues at poles of order greater than | are complicated and will not 
be given. 


| EXAMPLE3 | Using (4) to Compute a Residue 


The polynomial z* + 1 can be factored as (z — z,)(z — 2)(z — z3)(z — z4), Where z,, 2, 235 
and z, are the four distinct roots of the equation z+ + 1 = 0. It follows from Theorem 19.4.1 
that the function 


fO- TT 


has four simple poles. Now from (10) of Section 17.2 we have z, = e”*, z =e", z, = e™"4 
z, =e’, To compute the residues, we use (4) and Euler’s formula: 
1 1 4 1 1 
Res (f(z), 1) = a e3m/4 
Z| 


a av2 4x2 


2 


i 


Res (f(z), 22) = a oe ee ae 
4z, 4 4/2 4/2 

TC en, ee 
423 Ae AN/o 
1 1 I i 


= = go 2lmi/4 


+ i 
4c, 4 4V2 4V/2 


I Residue Theorem Wecome now to the reason for the importance of the residue concept. 
The next theorem states that under some circumstances, we can evaluate complex integrals ¢- f(z) dz 
by summing the residues at the isolated singularities of f within the closed contour C. 


Res (f(z), 24) = 
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FIGURE 19.5.1 7 singular points within $ f@az = s fQa = amid Res (Ff, %- 
c k=1 


contour C 
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Theorem 19.5.3 Cauchy's Residue Theorem 


Let D be a simply connected domain and C a simple closed contour lying entirely within D. 
If a function f is analytic on and within C, except at a finite number of singular points 
Z1> Z2y+++5 Z, Within C, then 


$00) dz = ES Res (f(z), 2): (5) 
ic k=1 


PROOF: Suppose C,, C,,..., C,, are circles centered at z,, Z,..., Z,, respectively. Suppose further 
that each circle C, has a radius r, small enough so that C), C),..., C,, are mutually disjoint and are 
interior to the simple closed curve C. See FIGURE 19.5.1. Recall that (15) of Section 19.3 implies 
¢c, f(z) dz = 277i Res(f(z), z,), and so Theorem 18.2.2 gives 


k=1 4G, 


| EXAMPLE4 | Evaluation by the Residue Theorem 


1 
Evaluate ¢ ooo HZ, Where 
c@— 1 @— 3) 


(a) the contour C is the rectangle defined by x = 0,x = 4, y = —1, y = 1, and 
(b) the contour C is the circle |z| = 2. 


SOLUTION (a) Since both poles z = 1 and z = 3 lie within the square, we have from (5) that 


1 . 
$- — 1° — 3) dz = 2mi[Res(f(z), 1) + Res(f(2), 3)]. 


We found these residues in Examples 2 and 3, and so 


fa a a 
c@-Ig-3) Lk 4 4] 


(b) Since only the pole z = 1 lies within the circle |z| = 2, we have from (5) that 


oe a ee 
t =ie=3) dz = 277i Res(f(z), 1) = ami ( i) A 


| EXAMPLES | Evaluation by the Residue Theorem 


2z + 6 : , ; 
Evaluate acd dz, where the contour C is the circle |z — i] = 2. 
fom’4 


SOLUTION By writing 2? + 4 = (z — 2i)(z + 23), we see that the integrand has simple poles 
at —2i and 27. Now since only 2 lies within the contour C, it follows from (5) that 


¢ RT ee er 
Cc 


2+4 
7 ee a” = aD 
6 +4) 342i 
4i i 
Be a ED 
Hence, $% de = 2ni( 21) = m3 + 29, = 
Cs +4 2i 
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| EXAMPLE6 | Evaluation by the Residue Theorem 


e . 
Evaluate ¢ ———~ dz, where the contour C is the circle |z| = 2. 
Cc 


zt + 523 
SOLUTION Since z* + 5z? = 2(z + 5) we see that the integrand has a pole of order 3 at 
z = Oand a simple pole at z = —5. Since only z = 0 lies within the given contour, we have 
from (5) and (2) 


e : 
tata dz = 27i Res (f(2), 0) 


ee ge 
= Imi lim—5 2G 
2! <0 dz z(z +5) 


a (+ 824+ 1Ne* 177. 
tri lim i = i. 
20 (z + Sy 125 


| EXAMPLE7 | Evaluation by the Residue Theorem 


Evaluate ¢ tan z dz, where the contour C is the circle |z| = 2. 
c 


SOLUTION The integrand tan z = sin z/cos z has simple poles at the points where cos z = 0. 
We saw in Section 17.7 that the only zeros for cos z are the real numbers z = (2n + 1)a/2, 


n=0, +1, +2,.... Since only —7/2 and 77/2 are within the circle |z| = 2, we have 
7 7 
Pancake = 2m Res( feo, -2) + Res(ft0, =] 
Q 5 3 
Now from (4) with g(z) = sin z, h(z) = cos z, and h'(z) = —sin z, we see that 
T sin(—7/2) ( =) sin (7/2) 
R : = =-|1 d R = : =—-l. 
_ (r @) =) = sin(—77/2) AU RES TD) ear) 
Therefore, $ toned = 2mi[—-1 — 1] = —477i. = 
Cc 


| EXAMPLES | 8 Evaluation by the Residue Theorem 


Evaluate ¢ e°/* dz, where the contour C is the circle |z| = 1. 
fa 


SOLUTION As we have seen, z = 0 is an essential singularity of the integrand f(z) = e*”“ and 


so neither formula (1) nor (2) is applicable to find the residue of f at that point. Nevertheless, 
we saw in part (b) of Example | that the Laurent series of f at z = 0 gives Res( f(z), 0) = 3. 
Hence from (5) we have 


¢ e dz = 277i Res(f(z), 0) = 6m. 
iG 


REMARKS 


In the application of the limit formulas (1) and (2) for computing residues, the indeterminate 
form 0/0 may result. Although we are not going to prove it, it should be pointed out that 
L’H6pital’s rule is valid in complex analysis. If f(z) = g(z)/hA(z), where g and h are analytic 
at Z = 2, g(Z) = 0, A(z) = 0, and h'(z) # 0, then 


gz) __ B'() 
il a 
ZZ h(z) h'(Z) 
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| 19.5 | im 4c)0A ssf) Answers to selected odd-numbered problems begin on page ANS-42. 


In Problems 1-6, use a Laurent series to find the indicated residue. 3 
; 19. Dre! dz 
1. f@ = ; Res (f(2), 1) a 
(Z re z+ 4) (a) || =5 by ik+d=2 ©le-3/=1 
2. f(z) = ay Res (f(z), 0) 
. ery 20 ae 
Zsinz 
3. f(2 = ; Res (f(2), 0) . . . 
oer z)" ; (a) ke-21=1 (b) k-21=3 © ld=5 
= Diss : = 
gS ae z+3’ Res (f(@), —3) In Problems 21-32, use Cauchy’s residue theorem to evaluate 
5. f(z) = oo Res (f(z), 0) the given integral along the indicated contour. 
1 
6. R 2 21. > & Cr \z — 3i| = 3 
a= Ea (f(), 2) fa tae le 3 
In Problems 7—16, use (1), (2), or (4) to find the residue at each 22. ¢ = dz, C:|z — 2| = 3 
pole of the ae function. get 1) 
4z + 8 a $ dz, C:|z| =2 
7. 8. = a : 
IO = sy ar f@) a | 
! ! 24 ¢— dz, C is the ellipse 16x? + y? = 
= = : ? y 
nae) poh = 27 me) (z? — 2z + 2) c+ DE’ +1) 
2 ze* 
joe 25. ¢ y 7 dz Cll = 2 
(z + 1) + 2)(z + 3) cz es 
2z= 1 
12. = 26. x dz, C: |z| = 3 
IO= ay +3) Poe 
. tanz 
3 fQg=— wes 21. reece 
242 = 44) oF = 
cot7z 
15. f(z) = sec z 16. f(z) = — 28. os dz, C:|z| = 
Z Sin Z Cc ia 
In Problems 17—20, use Cauchy’s residue theorem, where 29. ¢ cot 7z dz, Cis the rectangle defined by x = 3,x = 7,y = —1, 
appropriate, to evaluate the given integral along the indicated Co 
contours. y~ ; i 
¢ 1 d 30. ¢ ea dz, Cis the rectangle defined by x = —2, x = 1, 
c(z— De +2" ee) 
YrUTDy= 
(a) ld = 35 (b) [cl = 3 (c) Il =3 Mace, 
ae at Dea iia ec a ala 
18. $= 3 dz ; meee 
oe 2) 32. $ ede Cie N= 
eee +e) 


(a) |] = 1 (b) |z-—2i)=1 (ce) |z-2i) = 4 


/19.6| Evaluation of Real Integrals 


INTRODUCTION _ In this section we shall see how residue theory can be used to evaluate real 
integrals of the forms 


27 
| F(cos @, sin 0) d6, (1) 
0 


| f(x) dx, (2) 
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co 


| f(x) cos ax dx and | f(x) sin ax dx, (3) 


where F in (1) and fin (2) and (3) are rational functions. For the rational function f(x) = p(x)/q(x) 
in (2) and (3), we will assume that the polynomials p and g have no common factors. 


I| Integrals of the Form eg F(cos 0, sin 8) d@ The basic idea here is to convert 
an integral of form (1) into a complex integral where the contour C is the unit circle centered at 
the origin. This contour can be parameterized by z = cos 6 + isin @ = e”,0 <0 < 2m. Using 


0 4 4 i io _ -i0 
dz = ie” dO, cos0 = — sin 6 = se 
2 2i 
we replace, in turn, d@, cos 0, and sin 0 by 
d 1 1 
do=*, coo =~(¢ +27), sind = —(¢— 27). (4) 
iz 2 2i 


The integral in (1) then becomes 


1 1 dz 
F\-(c+ Th _ y)% 
¢ Gc Vig = 
where C is |z| = 1. 


| EXAMPLE1 | A Real Trigonometric Integral 


27 
1 
Evaluate | ey OU 
) (2 + cosé) 


SOLUTION Using the substitutions in (4) and simplifying yield the contour integral 


4 Zz 
z 3 5 dz 
i Jc (z° + 4z + 1) 


With the aid of the quadratic formula we can write 


x Zz 
IO Bia e ll Gare a 


where z) = —2 — V3 and Z= 72+ V3. Since only z, is inside the unit circle C, we have 


z wee 
¢ (442+ 1p dz = 27i Res(f(z), Z,). 


Now z, is a pole of order 2 and so from (2) of Section 19.5, 


Z 
Kj 


. ad _ d 
Res(f(@), 21) = lim 7 — 21) f(@) = eae 


atm i 
mule = Zr 63 
Hence, 
7) — Fe ae eee : 
i Jc (z~° + 4z + 1) I . i 6/3 
and finally | - : do = ae d = 
) (2 + cos dy B\/3 


Il Integrals of the Form . f(x) dx When f is continuous on (—oo, 00), recall from 


calculus that the improper integral hme f(x) dx is defined in terms of two distinct limits: 


co 0 R 
| f(x) dx = lim | fix) dx + lim | fx) dx. (5) 
00 FPO l= “POO IO 
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FIGURE 19.6.1 Closed contour C consists 
of a semicircle Cp and the interval [—R, R] 


Cr 


FIGURE 19.6.2 Closed contour C for 


Example 2 


904 


If both limits in (5) exist, the integral is said to be convergent; if one or both of the limits fail to 
exist, the integral is divergent. In the event that we know (a priori) that an integral J f(x) dx 
converges, we can evaluate it by means of a single limiting process: 

R 


| f(x) dx = im | f(x) dx. (6) 
= R-ooJ_R 


foe) 


It is important to note that the symmetric limit in (6) may exist even though the improper integral is 
divergent. For example, the integral [°° x dx is divergent since lim, ,.,, ie xdx = lime ,,.3R? = 00. 
However, using (6), we obtain 


R 2 _ py 
im | xdx = lim E a 2] =o. (7) 


R>ooJ_R R>o0 | 2 2 


The limit in (6) is called the Cauchy principal value of the integral and is written 


R 


F(x) ax. 
R 


PV. | "aie ame Wire | 
=0o0 Roo 


In (7) we have shown that P.V. f x dx = 0. To summarize, when an integral of form (2) con- 
verges, its Cauchy principal value is the same as the value of the integral. If the integral diverges, 
it may still possess a Cauchy principal value. 

To evaluate an integral [ Sx) dx, where f(x) = P(x)/Q(x) is continuous on (—os, oo), by 
residue theory we replace x by the complex variable z and integrate the complex function f over 
a closed contour C that consists of the interval [—R, R] on the real axis and a semicircle Cp of 
radius large enough to enclose all the poles of f(z) = P(z)/Q(z) in the upper half-plane Re(z) > 0. 
See FIGURE 19.6.1. By Theorem 19.5.3 we have 


R n 
$iede=| sera] soya =2ni ¥ Res(s(o20. 
Cc Cr R k=1 


where z,, k = 1, 2,..., n, denotes poles in the upper half-plane. If we can show that the integral 
Te (2) dz— 0 as R > ov, then we have 


co R n 
PV. | fx) dx = lim | f(x) dx = 2mi > Res(f(O, 2. (8) 
foe) 00 J=R k=1 


| EXAMPLE2 | Cauchy P.V. of an Improper Integral 


Evaluate the Cauchy principal value of 


= 1 
I Gr ness 
SOLUTION Let f(z) = 1/2 + 1)(2 + 9). Since 
+ YD +9) = @-HDE+ DE 3G F 33), 


we let C be the closed contour consisting of the interval [—R, R] on the x-axis and the semi- 
circle Cp of radius R > 3. As seen from FIGURE 19.6.2, 


1 a 1 1 
fosnery*- |e ”* Lesnern® 


=,+ L 
and I, + lL = 277i[Res (f(z), i) + Res (f(z), 30]. 
At the simple poles z = i and z = 3i we find, respectively, 
1 1 
R i) = —~ d R j= HS 
es (f(z), i) 16i an es (f(z), 31) Agi” 
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that L+h=2 | : : | eb (9) 
sO al = = = : 
be | ge 


We now want to let R > co in (9). Before doing this, we note that on Cp, 


I? + 12 + =I + Ale? + 9] = Ile? — Ue? — 9] = (R? — 1)(R? — 9), 


and so from the ML-inequality of Section 18.1 we can write 


| 1 Al< m7R 
e @ + 1)@* + 9) | ne Oe 2); 


[fo] = 


This last result shows that |/,] > 0 as Roo, and so we conclude that lime_,,, , = 0. It follows 
from (9) that limg_,,, 7, = 7/12; in other words, 


. . 1 7 = 1 7 
lim 5 7 dx = or P.V. 5 5 dx = —. = 
Roo Jip (x° + 1)(x- + 9) 12 og (X° + I)(xr + 9) 12 


It is often tedious to have to show that the contour integral along Cr approaches zero as R00. 
Sufficient conditions under which this is always true are given in the next theorem. 


Theorem 19.6.1 Behavior of Integral as R > co 


Suppose f(z) = P(z)/Q(z), where the degree of P(z) is n and the degree of Q(z) ism =n + 2. 
If Cp is a semicircular contour z = Re”, 0 = 6 S 7, then f c f(@) dz 0as R> oo. 


In other words, the integral along Cr approaches zero as R > co when the denominator of f is 
of a power at least 2 more than its numerator. The proof of this fact follows in the same manner 
as in Example 2. Notice in that example that the conditions stipulated in Theorem 19.6.1 are 
satisfied, since the degree of P(z) = | is 0 and the degree of Q(z) = (2 + 1)(2 + 9) is 4. 


| EXAMPLE3 | Cauchy P.V. of an Improper Integral 


(ove) 


Evaluate the Cauchy principal value of | ay dx. 
ee 


SOLUTION By inspection of the integrand, we see that the conditions given in Theorem 
19.6.1 are satisfied. Moreover, we know from Example 3 of Section 19.5 that f has simple 
poles in the upper half-plane at z, = e”’ and z) = e*”"*. We also saw in that example that 
the residues at these poles are 


Res (f(z), 21) ; : =e : i and Res(f(z), 2) = aE 7 a 


Thus, by (8), 


e 1 7 
PV. [ 2a = 2mi[Res(f(z), z,) + Res(f(2), 2)] = we 
| Integrals of the Forms {* f(x) cos ax dx or f* f(x) sin ax dx 
We encountered integrals of this type in Section 15.4 in the study of Fourier transforms. 
Accordingly, f * Jf (x) cos ax dx and f * f(x) sin ax dx, a > 0, are referred to as Fourier integrals. 
Fourier integrals appear as the real and imaginary parts in the improper integral the foe dx. 


to 


Using Euler’s formula e’“* = cos ax + i sin ax, we get 


| f(xyel dx = | f(x) cos ax dx + i| f(x) sin ax dx (10) 
whenever both integrals on the right side converge. When f(x) = P(x)/Q(x) is continuous on 
(—oo, co) we can evaluate both Fourier integrals at the same time by considering the integral 
Sc foe dz, where a > 0 and the contour C again consists of the interval [—R, R] on the real 
axis and a semicircular contour Cr with radius large enough to enclose the poles of f(z) in the 
upper half-plane. 
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y 


FIGURE 19.6.3 Indented contour 


906 | 


Before proceeding we give, without proof, sufficient conditions under which the contour 
integral along Cr approaches zero as R > 00: 


Theorem 19.6.2 Behavior of Integral as R > co 


Suppose f(z) = P(z)/Q(z), where the degree of P(z) is n and the degree of Q(z) ism =n + 1. If Cp 
is a semicircular contour z = Re”,0 = 6 < 7, anda > 0, then f c,(PO@)e™* dz—>0asR> oo. 


| EXAMPLE4 | Using Symmetry 


CO . 
X SIN Xx 


Evaluate the Cauchy principal value of | dx. 


0 x? + 9 
SOLUTION First note that the limits of integration are not from —oo to oo as required by the 
method. This can be rectified by observing that since the integrand is an even function of x, 


we can write 
”x sin x 1 [~ xsinx 
| - dx = | 5 dx. (11) 
pb x +9 2 Jinx’ + 9 
With a = 1, we now form the contour integral 


Zz ts 
pace 
cz +9 


where C is the same contour shown in Figure 19.6.2. By Theorem 19.5.3, 


Zz . Xx 
| ; ek dz + | ; 
Cre +9 —RX + 


where f(z) = (2 + 9). From (4) of Section 19.5, 


5 ede = 2mi Res(f(2)e", 31), 


=3 


Res(f(ae, 33) = 
es ~ = - 
ee 22 |.=3i 2 


Hence, in view of Theorem 19.6.2 we conclude f Cr f (z)e" dz > 0 as R-> co and so 


7 x _ . e° _ 7, 
P.V. me 79 e“ dx = 277i 5 Zz 1. 
But by (10), 


ex . “x cos x (°° xsinx T 
5 ee" dx = 5 dx + i - dx = i. 
ee la es) ook +9 ee eo se) e 


Equating real and imaginary parts in the last line gives the bonus result 


co . 
X Sin x 


* x COs x 7 
py. | ; dx = 0 along with py. | 5 dx = —. 
eg 2D Leo k FD e 


Finally, in view of (11) we obtain the value of the prescribed integral: 


”x sin x 1 “x sin x 7 
5 dx = —P.V. 5 dx = >>. = 
yp x +9 2 ee eae 2e 


Il Indented Contours The improper integrals of form (2) and (3) that we have considered 
up to this point were continuous on the interval (—oo, oo). In other words, the complex function 


f(z) = P(z)/Q(z) did not have poles on the real axis. In the event f has poles on the real axis, 


we must modify the procedure used in Examples 2—4. For example, to evaluate [°° f(x) dx by 
residues when f(z) has a pole at z = c, where c is a real number, we use an indented contour 
as illustrated in FIGURE 19.6.3. The symbol C,. denotes a semicircular contour centered at z = c 
oriented in the positive direction. The next theorem is important to this discussion. 
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—r 


Cr 


FIGURE 19.6.4 Indented contour C for 


Example 5 


Theorem 19.6.3 Behavior of Integral as r > 0 


Suppose f has a simple pole z = c on the real axis. If C, is the contour defined by z = c + re”, 
0=60s7, then 


lim | f(2 dz = mi Res(f(2), c). 
70 Je, 


PROOF: Since f has a simple pole at z = c, its Laurent series is 
a_| 


f(Z) = oa + g(z), 
where a_,; = Res( f(z), c) and g is analytic at c. Using the Laurent series and the parameteriza- 
tion of C,, we have 
“ire” ’ ‘ae Si 
| F(Z) dz = a, | — a0 + | a(c + re®)e® do = 1, + 1, (12) 
fon 0 re 0 


First, we see that 


"ire 7 
I,=a_, ~ dd = a_, id@ = wria_, = 7ri Res(f(z), c). 
0 0 


Next, g is analytic at c and so it is continuous at this point and bounded in a neighborhood of the 
point; that is, there exists an M > 0 for which |g(c + re’ )| < M. Hence, 
T 


[fo] = r| e(c + ree” a = r| M dO = mrM. 
0 0 


It follows from this last inequality that lim,_,,|/,] = 0 and consequently lim,.,) J, = 0. By taking 
the limit of (12) as r > 0, we have proved the theorem. = 


| EXAMPLES — | Using an Indented Contour 


oo 


sin 
Evaluate the Cauchy principal value of | a dx. 
og ML = 20. 2) 


SOLUTION — Since the integral is of form (3), we consider the contour integral ¢. e dzie(¢ —2z +2). 
The function f(z) = 1/z(z* — 2z + 2) has simple poles at z = 0 and at z = 1 + iin the upper half-plane. 
The contour C shown in FIGURE 19.6.4 is indented at the origin. Adopting an obvious notation, we have 


=i R 
Cc Cr -R —C, r 


where f_. = —J.. Taking the limits of (13) as R > oo and as r — 0, we find from 
Theorems 19.6.2 and 19.6.3 that 


P.V. [ Wont = 41 Res (f(z)e®, 0) = 271 Res(f(ze®, 1+). 


Now, 
-1+i 


4 


Res (f(z)e”, 0) = ; and Res (f(z)e®, l1+j)= me (1 + i). 


Therefore, 


oo Ix 1 =]+7 
py. | — d= ni( ) 4 omni( -£ d+ a) 
ee KE = 2 ED) 2 4 


Using e '*' = e '(cos 1 + isin 1), simplifying, and then equating real and imaginary parts, 


we get from the last equality 


“ cos x TB og 
py. | ; dx = —e \(sin 1 + cos 1) 
Hog KIN" = 2x + 2) 2 


= sin x T ; 
and P.V. | - dx = —[1 + e !(sin1 — cos 1)]. 
ene = 2a ab 2) 2 
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| 19.6 | m4s)0bssts) Answers to selected odd-numbered problems begin on page ANS-43. 


In Problems 1—10, evaluate the given trigonometric integral. 


In Problems 31 and 32, use an indented contour and residues to 
establish the given result. 


2a 1 27 1 
1. | a 2. | —————_ dé 
o 1 + O0.5sin 0 io 10 — 6cos 6 


27 2a 
cos 0 1 
3 | "up 4. | ————-a 
)b 3+ sind 0 1 + 3cos°é 
te 1 
5. | d6 (Hint: Let t = 20 — 6.] 
) 2-— cosé 
6 | “_ 1 ig 7 | "Sint _ ig 
“ |) 1+ sin’@ “ Jy 5 + 4cos 0 
‘ f cos? a 5 [ cos 260 e 
“ |) 3- sind “Jo 5 — 4c080 


2a 1 
10. do 
| cos @ + 2sin@ + 3 


In Problems 11-30, evaluate the Cauchy principal value of the 
given improper integral. 


- 1 = 1 
11. i Woe x 12. | o > xe 
= faa + 2 a A + 25 
13. [ 14, [ —*—d 
(2 + 4? + vant be me + ae 
15. [ 16. [ 
Ss na on é6 (2 + 43 + “a4 
17. [ x 18. i : 
Se +4 me ae + 9) 
19. [aa dx 20. I 
ae os fai 
[ cos x [ s cos 2x 
21. dx 22. 
wx +1 x? + ‘a 
“ xsin x COS 
23. dx 24. f 
oo X + 1 0 (x? + 42 + oo 
” cos 3x a — sinx 
25. | ~~ .d 26. _ 
lb (x2 + (1) x7 + w+ 4nt5 +5 
[= cos 2x [3 xsin x 
27. 28. 
lo 0 xt ea" 
~ cos x 
af 
(x? + Lie? + a 
Jf xsin x 
(x? + 1)(x? + a 


Sit 3 
31. P.V. | dx = 7 
gg & 
“ sin.x ai 
32. P.V. —5 dx = m1 — e”) 
aM 1) 
33. Establish the general result 


34. 


35. 


aw 
( Paw a>l1 


and use this formula to verify the answer in Example 1. 
Establish the general result 


27 - 2 
0 
| 6 = aaa Ve =b)asbs0 
» a+ bcosé 


[ do = 
(a + cos 6Y 


and use this formula to verify the answer to Problem 7. 
Use the contour shown in FIGURE 19.6.5 to show that 


vo gee T 
P.V. | dx = — ; 
T 


0<a<il. 


nog ll be* 


FIGURE 19.6.5 Contour in Problem 35 


36. The steady-state temperature u(x, y) in a semi-infinite plate is 
determined from 
au au 
5 tz = 0, O<x<7,y>0 
Ox” oy 
y 
0, y) = 0, = sy 0 
u(0, y) u(7, y) y ra y 


u(x,0) = 0, O<x<7. 
Use a Fourier transform and the residue method to show that 


CO e 
u(x, y) = | 
0 


“sin @ sinh ax 


- sin ay da. 
sinh a7 


| 19 | | Chapter in Review | in Review Answers to selected odd-numbered problems begin on page ANS-43. 


Answer Problems 1—12 without referring back to the text. Fill in 
the blank or answer true/false. 


1. A function f is analytic at a point zy iff can be expanded in a 
convergent power series centered at Zo. 

2. A power series represents a continuous function at every point 
within and on its circle of convergence. 
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3. 


For f(z) = 1/(z — 3), the Laurent series valid for |z| > 3 is 
zg! + 3z 7 + 92-3 + .--. Since there are an infinite number 
of negative powers of z = z — 0, z = 0 is an essential 
singularity. 


. The only possible singularities of a rational function are poles. 


5. The function f(z) = e'/“~” has an essential singularity at 
z=. 


6. The function f(z) = z/(e* — 1) has aremovable singularity at 
z=0. 

7. The function f(z) = z(e* — 1) possesses a zero of order 2 at 
z=0. 

8. The function f(z) = (z + 5)/(z sin*z) has a pole of order 
atz = 0. 

9. If f(z) = cot mz, then Res( f(z), 0) = 

10. The Laurent series of f valid for 0 < |z — ll is given by 


z-1)y! Z-1 z- 1) 
pape OS OD GT x. 
3! 5! 7! 
From this series we see that f has a pole of order at 
z= land Res( f(z), 1) = 
Ss @— if 


11. The circle of convergence of the power series > 
is : fet 


k 


12. The power series >> 5eT converges at z = 2i. 


(2 + 


13. Find a Maclaurin expansion of f(z) = e* cos z. [Hint: Use the 
identity cos z = (e” + e-*)/2.] 

14. Show that the function f(z) = 1/sin(7/z) has an infinite number 
of singular points. Are any of these isolated singular points? 


In Problems 15-18, use known results as an aid in expanding 
the given function in a Laurent series valid for the indicated 
annular region. 


1 - e® e-2) 
15. f(z) = et 0<|ld 6 f@ =e", 0<|z-2| 
ins ‘ 
17. f~=z-D) = ae 0<|z-ij 
1 — cosz’ 
18. f(z) = —, —, 0< ld 
Zz 


19. Expand f(z) = in an appropriate series valid for 


2-42 +3 
(a) |z|<1 (b) 1<|d <3 
(c) |zl >3 (d) 0<|z-1|<2. 


1 
20. Expand f(z) = @-5y in an appropriate series valid for 
= 


(a) Id <5 (b) |zl > 5 (ce) O< (2 = 4). 


In Problems 21—30, use Cauchy’s residue theorem to evaluate 
the given integral along the indicated contour. 


224+5 
21. pa C: lz + 2) = 3 
cuz + 2)(z — 1) 


2 
22. ¢ ——— dz, C is the ellipse V/A + y =1 
c(z — IV + 4) 


23. $5 — a, C:\e- 3) = 35 
c 2sinz — 1 


+ 1 
24. ¢ a : dz, C is the rectangle defined by x = —1,x = 1, 
c sinhz 


y=4,y=-1 


ex 
25. ooo z=, C2 Izk| = 4 
$a + 273 + 27? . EI 
1 
26. >.> _ dz, C is the square defined by x = —2, 
$a =~ 222 +4 a : 
x=2,y=0,y=1 
1 
27. ¢ ———— dz, C: |z| = 1 [Hint: Use the Maclaurin series 
c 2le* — 1) 
for z(e* — 1).] 


x 
28. ~~ dz, C:|z - 1] = 3 
force pe ae 


sinz 
29. zee? + ————_| dz, C: |e] = 6 
{| c= ay el 


30. ¢ esc mz dz, C is the rectangle defined by x = —}, x = 
c 

y=-ly=1 
In Problems 31 and 32, evaluate the Cauchy principal value of 
the given improper integral. 


Nin 


> 


31. | 5 5 7 ax 
og (K7 + 2x + 2)(x7 + 1) 
“ acosx + x sinx ; ; _ 
32. | — 24g? a > 0 [Hint: Consider e“/(z — ai).] 
= x a 


In Problems 33 and 34, evaluate the given trigonometric 


integral. 
_ | - cos’# de " | *"  cos30 
) 2+ sind 0 + — 4cosé 


35. Use an indented contour to show that 


oo [ 4 T 
NV. k= 
0 x? 2 


36. Show that e~** cos bx dx = e-”/" \/7r/2aby considering 


-@2 ibz 
wei 


the complex integral ¢_e dz along the contour C shown 
in FIGURE 19.R.1. Use the known result er dx = Va/a. 


FIGURE 19.R.1 Contour in Problem 36 

37. The Laurent expansion of f(z) = e“’”"' valid for 0 < |z| 
can be shown to be f(z) = D;~_~ J(u)‘, where J,(u) is the 
Bessel function of the first kind of order k. Use (4) of 
Section 19.3 and the contour C: |z| = 1 to show that the 
coefficients J,(u) are given by 


1 27 
J(u) = | cos(kt — usin ¢) dt. 
277 Jo 
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CHAPTER 


Conformal Mappings 


In this chapter we will study the 
mapping properties of the CHAPTER CONTENTS 
elementary functions introduced 
in Chapter 17 and develop two 


new classes of special mappings 20.1 Complex Functions as Mappings 


called the linear fractional 20.2 Conformal Mappings 

transformations and the 20.3 Linear Fractional Transformations 
Schwarz-Christoffel , : 
francrarmations 20.4 Schwarz-Christoffel Transformations 
Th earlier chapters we used 20.5 Poisson Integral Formulas 

Fourier series and integral 20.6 Applications 

transforms to solve boundary- Chapter 20 in Review 


value problems involving Laplace's 
equation. Conformal mapping 
methods discussed in this chapter 
can be used to transfer known 
solutions to Laplace's equation 
from one region to another. In 
addition, fluid flows around 
obstacles and through channels 
can be determined using 
conformal mappings. 


u 


Argw= 7 Arg w= 0 


(b) 


FIGURE 20.1.2 Images of vertical and 
horizontal lines in Example 1 
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/20.1| Complex Functions as Mappings 


INTRODUCTION In Chapter 17 we emphasized the algebraic definitions and properties of 
complex functions. In order to give a geometric interpretation of a complex function w = f(z), 
we place a z-plane and a w-plane side by side and imagine that a point z = x + iy in the domain of 
the definition of fhas mapped (or transformed) to the point w = f(z) in the second plane. Thus the 
complex function w = f(z) = u(x, y) + iv(x, y) may be considered as the planar transformation 


u=u(x,y), v=v,y) 


and w = f(z) is called the image of z under f: 

FIGURE 20.1.1 indicates the images of a finite number of complex numbers in the region R. More 
useful information is obtained by finding the image of the region R together with the images of 
a family of curves lying inside R. Common choices for the curves are families of lines, families 
of circles, and the system of level curves for the real and imaginary parts of f. 


ew; 


(a) z-plane (b) w-plane 


FIGURE 20.1.1 w,, w>, w3 are images of z), Z, Z3 


Hi Images of Curves Note that if z(t) = x(t) + iy(t), a = t = b, describes a curve C in the 
region, then w = f(z(t)), a <t Sb, is a parametric representation of the corresponding curve C’ 
in the w-plane. In addition, a point z on the level curve u(x, y) = a will be mapped to a point w 
that lies on the vertical line u = a, and a point z on the level curve v(x, y) = b will be mapped to 
a point w that lies on the horizontal line v = b. 


The Mapping f(z) = e7 


The horizontal strip 0 = y = 7 lies in the fundamental region of the exponential function 
(2 = &. A vertical line segment x = a in this region can be described by z(f) = a+ it,0St=7, 
and so w = f(z(t)) = e“e". Thus the image is a semicircle with center at w = 0 and with radius 
r = e“. Similarly, a horizontal line y = b can be parametrized by z(f) = t + ib, —co <t<c, 
and so w = f(z(t)) = e’e’”. Since Arg w = b and |w| = e’, the image is a ray emanating from 
the origin, and since 0 = Arg w S 7, the image of the entire horizontal strip is the upper half- 
plane v = 0. Note that the horizontal lines y = 0 and y = 77 are mapped onto the positive and 
negative u-axis, respectively. See FIGURE 20.1.2 for the mapping by f(z) = e’. 

From w = e’e”, we can conclude that | w| = e* and y = Arg w. Hence, z = x + iy = log,|w| + 
iArg w = Ln w. The inverse function f'(w) = Ln w therefore maps the upper half-plane 


v = 0 back to the horizontal strip 0 = y = 7. = 


| EXAMPLE2 | The Mapping f(z) = 1/z 


The complex function f(z) = 1/z has domain z # 0 and real and imaginary parts u(x, y) = 
xl? + y*) and v(x, y) = —y/(Q? + y’), respectively. When a # 0, a level curve u(x, y) = a 
can be written as 


eee at Wer ea, 
x°—-—x = or x-— 7=(—]}., 
a 4 2a 4 2a 
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(b) 


FIGURE 20.1.3 Images of circles in 
Example 2 


(a) 


FIGURE 20.1.4 Translation and rotation 


The level curve is therefore a circle with its center on the x-axis and passing through the origin. 
A point z on this circle other than zero is mapped to a point w on the line u = a. Likewise, the 
level curve v(x, y) = b, b # 0, can be written as 


ss Ly 
(3) 
2b 2b 


and a point z on this circle is mapped to a point w on the line v = b. FIGURE 20.1.3 shows the 
mapping by f(z) = 1/z. Figure 20.1.3(a) shows the two collections of circular level curves, 
and Figure 20.1.3(b) shows their corresponding images in the w-plane. 

Since w = 1/z, we have z = I/w. Thus f '(w) = 1/w, and so f = f~'. We can therefore 
conclude that f maps the horizontal line y = b to the circle uv? + (v + 5b)’ = (5b)’, and f maps 


the vertical line x = a to the circle (u — 5a) += (5a). = 
J Translation and Rotation The elementary linear function f(z) = z + z may be inter- 
preted as a translation in the z-plane. To see this, we let z = x + iy and z = A + ik. Since 
w= f(z) = (« +h) + i(y + A), the point (x, y) has been translated / units in the horizontal direc- 
tion and k units in the vertical direction to the new position at (x + h, y + k). In particular, the 
origin O has been mapped to zy) = h + ik. 

The elementary function g(z) = e’z may be interpreted as a rotation through 6, degrees, for 
if z = re”, then w = g(z) = re“ *™, Note that if the complex mapping h(z) = ez + z is applied 
to a region R that is centered at the origin, the image region R’ can be obtained by first rotating 
R through 6 degrees and then translating the center to the new position z). See FIGURE 20.1.4 for 
the mapping by h(z) = ez + 2. 


| EXAMPLE3 | Rotation and Translation 


Find a complex function that maps the horizontal strip —1 = y = | onto the vertical strip 
22x24, 


SOLUTION = Ifthe horizontal strip —1 = y < 1 is rotated through 90°, the vertical strip -1 =x =1 
results, and the vertical strip 2 < x = 4 can be obtained by shifting this vertical strip 3 units to the 
right. See FIGURE 20.1.5. Since e’”” = i, we obtain h(z) = iz + 3 as the desired complex mapping. 


y v 
4+ at 
27 2+ 
== ===" t—t+—_++} } } u 
=i 2 2) 4 -4 2 ti 2 4 
a2 -h 2+ 
i + 


(a) (b) 
FIGURE 20.1.5 Image of horizontal strip in Example 3 = 
I Magnification A magnification is a complex function of the form f(z) = az, where a 
is a fixed positive real number. Note that |w| = |@z| = a|z|, and so f changes the length (but not 


the direction) of the complex number z by a fixed factor a. If g(z) = az + b anda = rye", then the 
vector z is rotated through 0, degrees, magnified by a factor of ro, and then translated using b. 


| EXAMPLE4 | Contraction and Translation 


Find a complex function that maps the disk |z| = 1 onto the disk |w — (1 + ’)| S 5. 


SOLUTION We must first contract the radius of the disk by a factor of + and then translate 
its center to the point 1 + i. Therefore, w = f(z) = $z + (1 + i) maps |z| = 1 to the disk 
Iw-(1+ad| S35. = 
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y 


(b) 


FIGURE 20.1.6 R’ is the image of the 


angular wedge R 
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il Power Functions A complex function of the form f(z) = z*, where a is a fixed positive 
real number, is called a real power function. FIGURE 20.1.6 shows the effect of the complex func- 
tion f(z) = 2 on the angular wedge 0 S Arg z S 6p. If z = re’®, then w = f(z) = r*e'®®. Hence, 
0 = Arg w = a6, and the opening of the wedge is changed by a factor of a. It is not difficult to 
show that a circular arc with center at the origin is mapped to a similar circular arc, and rays 
emanating from the origin are mapped to similar rays. 


The Power Function f(z) = z'4 
Find a complex function that maps the upper half-plane y = 0 onto the wedge 0 = Arg w = 77/4. 


SOLUTION The upper half-plane y = 0 can also be described by the inequality 0 = Arg z= 7. 
We must therefore find a complex mapping that reduces the angle 0) = 7 by a factor of a = §. 
Hence, f(z) = g = 


I| Successive Mappings To find a complex mapping between two regions R and R’, it is 
often convenient to first map R onto a third region R” and then find a complex mapping from R” onto R’. 
More precisely, if = f(z) maps R onto R”, and w = g(¢) maps R” onto R’, then the composite 
function w = g(f(z)) maps R onto R’. See FIGURE 20.1.7 for a diagram of successive mappings. 


z-plane w-plane 


¢-plane 


FIGURE 20.1.7 R’ is image of R under successive mappings 


Successive Mappings 


Find a complex function that maps the horizontal strip 0 = y = w onto the wedge 
0 = Arg w S w/4. 


SOLUTION We saw in Example | that the complex function f(z) = e* mapped the horizon- 
tal strip 0 = y = 7 onto the upper half-plane 0 = Arg = 7. From Example 5, the upper 
half-plane 0 = Arg ¢ < 7 is mapped onto the wedge 0 = Arg w S 7/4 by g(Z) = £'". It 
therefore follows that the composite function w = g( f(z)) = g(e*) = e*" maps the horizontal 


strip 0 = y = w onto the wedge 0 = Arg w S 7/4. = 


Successive Mappings 


Find a complex function that maps the wedge 77/4 = Arg z = 37/4 onto the upper half-plane 
v20. 


SOLUTION We first rotate the wedge 77/4 < Arg z = 37/4 so that it is in the standard position 

shown in Figure 20.1.6. If £ = f(z) = e '”“z, then the image of this wedge is the wedge R” 

defined by 0 < Arg £ < 77/2. The real power function w = g(£) = ¢° expands the opening of 

R" by a factor of two to give the upper half-plane 0 = Arg w = 7 as its image. Therefore, 

w = g(f(z)) = (e '™4zy = —iz’ is the desired mapping. = 

In Sections 20.2—20.4, we will expand our knowledge of complex mappings and show how 
they can be used to solve Laplace’s equation in the plane. 
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| 20.1 | Exercises Answers to selected odd-numbered problems begin on page ANS-43. 


In Problems 1-10, a curve in the z-plane and a complex mapping 


w = f(z) are given. In each case, find the image curve in the 
w-plane. 

. y =x under w = I/z 

. y = Lunder w = I/z 

. Hyperbola xy = 1 under w = 2 

. Hyperbola x* — y* = 4 under w = 2” 

. Semicircle |z| = 1, y > 0, under w = Ln z 
. Ray 6 = 7/4 under w = Ln z 

Ray @ = 6) under w = z'” 


. Circular arc r = 2,0 < 6 < w/2, under w = z!? 


onmon out wD = 


. Curve e* cos y = | under w = e* 


= 
i—} 


. Circle |z| = 1 under w = z+ I/z 


In Problems 11—20, a region R in the z-plane and a complex 
mapping w = f(z) are given. In each case, find the image 
region R’ in the w-plane. 


11. First quadrant under w = 1/z 

12. Strip 0 = y = | under w = 1/z 

13. Strip 7/4 = y S w/2 under w = e& 

14. RectangleO =x = 1,0 y <7, under w = & 
15. Circle |z| = | under w = z + 4i 

16. Circle |z| = | under w = 2z— 1 

17. Strip 0 = y = | under w = iz 

18. First quadrant under w = (1 + i)z 

19. Wedge 0 S Arg z S$ 77/4 under w = 7° 

20. Wedge 0 < Arg z S 77/4 under w = 2!” 


In Problems 21-30, find a complex mapping from the given 
region R in the z-plane to the image region R’ in the w-plane. 


21. Strip 1 <y <4 tothe stripO =u <3 

22. Strip 1 <y <4 tothe stripO =v $3 

23. Disk |z — 1| < 1 to the disk |w| = 2 

24. Strip -1 =x = 1 tothe strip-l=v=1 

25. Wedge 77/4 < Arg z < 77/2 to the upper half-plane v = 0 
26. Strip 0 = y = 4 to the upper half-plane v = 0 

27. Strip 0 = y = 7 to the wedge 0 = Arg w = 37/2 

28. Wedge 0 = Arg z = 37/2 to the half-plane u = 2 

29. 


FIGURE 20.1.8 Regions R and R’ for Problem 29 


30. 


31. 


y v 


FIGURE 20.1.9 Regions R and R’ for Problem 30 


Project The mapping in Problem 10 is a special case of the 

mapping w = z + k’/z, where k is a positive constant, called 

the Joukowski transformation. 

(a) Show that the Joukowski transformation maps any circle 
x? + y? = R? into the ellipse 


2 
u~ v 


2 ae 
two ix 


(b) What is the image of the circle when R = k? 

(c) The importance of the transformation w = z + k?/z 
does not lie in its effect on circles |z| = R centered at the 
origin but on off-centered circles with center on the 
real axis. Show that the Joukowski transformation can 


be written 

w — 2k (2 = ty 

w + 2k ee ky 
With & = 1, this particular transformation maps a circle 
passing through z = —1 and containing the point z = | 
into a closed curve with a sharply pointed trailing edge. 
This kind of curve, which resembles a cross section of an 
airplane wing, is known as a Joukowski airfoil. 

Write a report on the use of the Joukowski transforma- 

tion in the study of the flow of air around an airfoil. There 
is a lot of information on this topic on the Internet. 
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< 
N 
Ny 


wi 


(b) w-plane 


FIGURE 20.2.1 Conformal mapping if 


d=6 
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20.2| Conformal Mappings 


INTRODUCTION In Section 20.1 we saw that a nonconstant linear mapping f(z) = az + b, 
aand b complex numbers, acts by rotating, magnifying, and translating points in the complex plane. 
As a result, it is easily shown that the angle between any two intersecting curves in the z-plane is 
equal to the angle between the images of the arcs in the w-plane under a linear mapping. Other com- 
plex mappings that have this angle-preserving property are the subject of our study in this section. 


[| Angle-Preserving Mappings A complex mapping w = f(z) defined on a domain D 
is called conformal at z = z, in D when f preserves the angles between any two curves in D that 
intersect at z). More precisely, if C, and C, intersect in D at zy, and C|’ and C, are the corresponding 
images in the w-plane, we require that the angle 0 between C, and C, equal the angle @ between 
Cj and C;. See FIGURE 20.2.1. 

These angles can be computed in terms of tangent vectors to the curves. If z and z; denote 
tangent vectors to curves C, and C), respectively, then, applying the law of cosines to the triangle 
determined by z, and z, , we have 


, 


la’ — 227 = lay? + lz? — 2\z7| |zz| cos 6 


or g= cos (E + Jez P = |g = at) (1) 
221 [Iz | 
Likewise, if w, and w; denote tangent vectors to curves C/ and C,, respectively, then 
ae cos (it sal a it) (2) 
2\wy ||W2 | 


The next theorem gives a simple condition that guarantees that 0 = @. 


Theorem 20.2.1* Conformal Mapping 


If f(z) is analytic in the domain D and f’(z)) # 0, then fis conformal at z = Zp. 


PROOF: If a curve C in D is parameterized by z = z(t), then w = f(z(t)) describes the image 
curve in the w-plane. Applying the Chain Rule to w = f(z(f)) gives w’ = f’(z(t))z' (2). If curves 
C, and C, intersect in D at z, then w/ = f’(z)z and wy = f'(z)z7 . Since f’(z)) # 0, we can 
use (2) to obtain 
o cos ( iy + |f' (Zo)z2 |? = |f' (Zo)zi = f' Zo)z2 -) 
2) f' (Zoi ||,F" Zodz2 | 


We can apply the laws of absolute value to factor out | f’(z)|” in the numerator and denominator 


and obtain 
b= cos'(= P + le P = lat — a) 
2\z1 ||z2 | 


Therefore, from (1), d = 6. = 


| EXAMPLE1 | Conformal Mappings 


(a) The analytic function f(z) = e* is conformal at all points in the z-plane, since f(z) = e 
is never zero. 

(b) The analytic function g(z) = zis conformal at all points except z = O since g'(z) = 2z #0 
for z # 0. From Figure 20.1.6 we see that g(z) doubles the angle formed by the two rays at 
the origin. = 


* Tt is also possible to prove that f preserves the sense of direction between the tangent vectors. 
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If f(z) = 0 but f"(z) # 0, it is possible to show that f doubles the angle between any two 
curves in D that intersect at z = zy. The next two examples will introduce two important complex 
mappings that are conformal at all but a finite number of points in their domains. 


| EXAMPLE2 | f(z) = sin zas a Conformal Mapping 


The vertical strip —7/2 = x = w/2 is called the fundamental region of the trigonometric 
function w = sin z. A vertical line x = a in the interior of this region can be described by 
z(t) = a + it, —oo <t <o. From (6) in Section 17.7, we have 


sin z = sin x cosh y + icos x sinh y 


and so u + iv = sin(a + it) = sinacosht + icosasinht. 
y é é : 7 

From the identity cosh*t — sinh*t = 1, it follows that 

B E 

ee v? 
sin2?a cosa e 
A D x 
=F = The image of the vertical line x = a is therefore a hyperbola with +sin a as u-intercepts, and 

since —77/2 <a < 7/2, the hyperbola crosses the u-axis between u = —1 and u = 1. Note 

C F that if a = —77/2, then w = —cosh ft, and so the line x = —7/2 is mapped onto the interval 
(—oo, —1] on the negative w-axis. Likewise, the line x = 7/2 is mapped onto the interval 


[1, co) on the positive u-axis. 
A similar argument establishes that the horizontal line segment described by z(t) = t + ib, 
—q/2 <t< 7/2, is mapped onto either the upper portion or the lower portion of the ellipse 


u vy" 


+ = 
cosh*b sinh*b 


according to whether b > 0 or b < 0. These results are summarized in FIGURE 20.2.2(b), which 
shows the mapping by f(z) = sin z. Note that we have carefully used capital letters to indi- 
cate where portions of the boundary are mapped. Thus, for example, boundary segment AB 
is transformed to A'B’. 

Since f'(z) = cos z, fis conformal at all points in the region except z = £77/2. The hyper- 
bolas and ellipses are therefore orthogonal since they are images of the orthogonal families 
FIGURE 20.2.2 Image of vertical strip of horizontal segments and vertical lines. Note that the 180° angle at z = —7/2 formed by 


in Example 2 segments AB and AC is doubled to form a single line segment at w = —1. = 


| EXAMPLE3 | f(z) = z+ 1/zas a Conformal Mapping 


The complex mapping f(z) = z + 1/zis conformal at all values of z except z = +1 andz = 0. 
In particular, the function is conformal for all values of z in the upper half-plane that satisfy 


(b) 


- |z| > 1.Ifz = re”, then w = re” + (1/r)e~”, and so 
1 1\. 
u=(r+-—Jcosé, v=|(r——]siné@. (3) 
; r r 
ag . 
eS # c = Note that if r = 1, then v = 0 and u = 2 cos @. Therefore, the semicircle z = e”,O <t<7, 
(a) is mapped to the segment [—2, 2] on the uv-axis. It follows from (3) that if r > 1, then the 
y semicircle z = re”, 0 < t < 7, is mapped onto the upper half of the ellipse v/a’ + v’/b* = 1, 
where a = r+ I/rand b = r — 1/r. See FIGURE 20.2.3 for the mapping by f(z) = z + I/z. 
For a fixed value of 0, the ray z = te’’, for f= 1, is mapped to the portion of the hyperbola 
uw’/cos’@ — v’/sin’@ = 4 in the upper half-plane v = 0. This follows from (3), since 
Pp p 
2 2 , 2 
Do A’ OB’ CF ee -(1+4) -(--4) =4 
(b) cos? sin70 t t 
FIGURE 20.2.3 Images of rays and circles Since fis conformal for |z| > 1 and a ray 0 = 6) intersects a circle |z| = rat aright angle, the 
in Example 3 hyperbolas and ellipses in the w-plane are orthogonal. = 
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[| Conformal Mappings Using Tables Conformal mappings are given in Appendix IV. 
The mappings have been categorized as elementary mappings (E-1 to E-9), mappings to half- 
planes (H-1 to H-6), mappings to circular regions (C-1 to C-5), and miscellaneous mappings 
(M-1 to M-10). Some of these complex mappings will be derived in Sections 20.3 and 20.4. 

The entries indicate not only the images of the region R but also the images of various portions 
of the boundary of R. This will be especially useful when we attempt to solve boundary-value 
problems using conformal maps. You should use the appendix much like you use integral tables 
to find antiderivatives. In some cases a single entry can be used to find a conformal mapping 
between two given regions R and R’. In other cases, successive transformations may be required 
to map R to R’. 


| EXAMPLE4 | Using a Table of Conformal Mappings 


Use the conformal mappings in Appendix IV to find a conformal mapping between the strip 
0 = y S 2 and the upper half-plane v = 0. What is the image of the negative x-axis? 


SOLUTION An appropriate mapping may be obtained directly from entry H-2. Letting a = 2 
then f(z) = e”*” and noting the positions of E, D, E’, and D’ in the figure, we can map the 


negative x-axis onto the interval (0, 1) on the u-axis. = 


| EXAMPLES | Using a Table of Conformal Mappings 


Use the conformal mappings in Appendix IV to find a conformal mapping between the strip 
0 = y = 2 and the disk |w| = 1. What is the image of the negative x-axis? 


SOLUTION Appendix IV does not have an entry that maps the strip 0 S y $ 2 directly onto the 
disk. In Example 4, the strip was mapped by f(z) = e”*” onto the upper half-plane and, from 


,= 
entry C-4, the complex mapping w = SS maps the upper half-plane to the disk |w| = 1. 
m2 


Therefore, w = g(f(z)) = = maps the strip 0 = y S 2 onto the disk |w| = 1. 
i e™ 

The negative x-axis is first mapped to the interval (0, 1) in the Z-plane, and from the 

position of points C and C’ in C-4, the interval (0, 1) is mapped to the circular arc w = e””, 


0 <6 < 7/2, in the w-plane. 


[| Harmonic Functions and the Dirichlet Problem A bounded harmonic function 
u = u(x, y) that takes on prescribed values on the entire boundary of a region R is called a solu- 
tion to a Dirichlet problem on R. In Chapters 13—15 we introduced a number of techniques for 
solving Laplace’s equation in the plane, and we interpreted the solution to a Dirichlet problem 
as the steady-state temperature distribution in the interior of R that results from the fixed tem- 
peratures on the boundary. 

There are at least two disadvantages to the Fourier series and integral transform methods 
presented in Chapters 13-15. The methods work only for simple regions in the plane and the 
solutions typically take the form of either infinite series or improper integrals. As such, they are 
difficult to evaluate. In Section 17.5 we saw that the real and imaginary parts of an analytic func- 
tion are both harmonic. Since we have a large stockpile of analytic functions, we can find closed- 
form solutions to many Dirichlet problems and use these solutions to sketch the isotherms and 
lines of flow of the temperature distribution. 

We will next show how conformal mappings can be used to solve a Dirichlet problem in a 
region R once the solution to the corresponding Dirichlet problem in the image region R’ is 
known. The method depends on the following theorem. 


Theorem 20.2.2 Transformation Theorem for Harmonic Functions 


Let fbe an analytic function that maps a domain D onto a domain D’. If Uis harmonic in D’, 
then the real-valued function u(x, y) = U(f(z)) is harmonic in D. 


PROOF: We will give a proof for the special case in which D’ is simply connected. If U has a 
harmonic conjugate V in D’, then H = U + iVis analytic in D’, and so the composite function 
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u 
U=1 U=1|U=0 U=0 


(b) 


FIGURE 20.2.5 Image of semi-infinite 
vertical strip in Example 6 


AC f(z) = UCf(2)) + iV(f(z)) is analytic in D. By Theorem 17.5.3, it follows that the real part 
U( f(z) is harmonic in D, and the proof is complete. 

To establish that U has a harmonic conjugate, let g(z) = dU/dx — i dU/dy. The first Cauchy— 
Riemann equation (0/dx)(dU/dx) = (d/dy)(—dU/dy) is equivalent to Laplace’s equation 
0°U/ax* + @°U/day? = 0, which is satisfied because U is harmonic in D’. The second Cauchy— 
Riemann equation (0/dy)(dU/dx) = —(d/dx)(—dU/dy) is equivalent to the equality of the second- 
order mixed partial derivatives. Therefore, g(z) is analytic in the simply connected domain D’ and so, by 
Theorem 18.3.3, has an antiderivative G(z). If G(z) = U, + iV,, then g(z) = G'(z) = U,/ax — iaU/dy. 
Since 9(z) = dU/dx — i dU/dy, it follows that U and U, have equal first partial derivatives. Therefore, 


H =U + iV, is analytic in D’, and so U has a harmonic conjugate in D’. = 


Theorem 20.2.2 can be used to solve a Dirichlet problem in a region R by transforming the 
problem to a region R’ in which the solution U either is apparent or has been found by prior 
methods (including the Fourier series and integral transform methods of Chapters 13-15). The 
key steps are summarized next. 


Il| Solving Dirichlet Problems Using Conformal Mapping 


1. Find a conformal mapping w = f(z) that transforms the original region R onto the image 
region R’. The region R’ may be a region for which many explicit solutions to Dirichlet 
problems are known. 

2. Transfer the boundary conditions from the boundary of R to the boundary of R’. The value 
of u at a boundary point € of R is assigned as the value of U at the corresponding boundary 
point f(€). See FIGURE 20.2.4 for an illustration of transferring boundary conditions. 


eee fe) 
<— U(fE)) = ul) 


FIGURE 20.2.4 R’ is image of R under a conformal mapping f 


3. Solve the corresponding Dirichlet problem in R’. The solution U may be apparent from 
the simplicity of the problem in R’ or may be found using Fourier or integral transform 
methods. (Additional methods will be presented in Sections 20.3 and 20.5.) 

4. The solution to the original Dirichlet problem is u(x, y) = U( f(z). 


| EXAMPLE6 | Solving a Dirichlet Problem 


The function U(u, v) = (1/77) Arg w is harmonic in the upper half-plane v > 0 since it is the 
imaginary part of the analytic function g(w) = (1/77) Ln w. Use this function to solve the 
Dirichlet problem in FIGURE 20.2.5(a). 


SOLUTION The analytic function f(z) = sin z maps the original region to the upper half-plane 
v = 0 and maps the boundary segments to the segments shown in Figure 20.2.5(b). The har- 
monic function U(u, v) = (1/77) Arg w satisfies the transferred boundary conditions U(u, 0) = 0 
for u > 0 and U(u, 0) = 1 for u < 0. Therefore, u(x, y) = U(sin z) = (1/77) Arg(sin z) is the 
solution to the original problem. If tan” '(v/u) is chosen to lie between 0 and 7, the solution 
can also be written as 


cos x sinh *) 


1 
u(x, y) = —tan! 
( y) T & x cosh y 
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Arg(z — a) 


U=% a U=0 


FIGURE 20.2.7 Image of a Dirichlet 
problem 


is conformal. 
1. f@=2-3z24+1 


| EXAMPLE7 | Solving a Dirichlet Problem 


From C-1 in Appendix IV of conformal mappings, the analytic function f(z) = (z — a)(az — 1), 


where a = (7 + 2V6)/5, maps the region outside the two open disks |z| < 1 and |z — 3| <5 
onto the annular region ry = |w| = 1, where rp = 5 — 2 V6. FIGURE 20.2.6(a) shows the original 
Dirichlet problem, and Figure 20.2.6(b) shows the transferred boundary conditions. 


=0 


/ 


(b) 


FIGURE 20.2.6 Image of Dirichlet problem in Example 7 


In Problem 12 in Exercises 14.1, we discovered that U(r, 6) = (log.r)/(og.7o) is the solution 
to the new Dirichlet problem. From Theorem 20.2.2 we can conclude that the solution to the 
original boundary-value problem is 


1 z— (7 + 2V6)/5 
log. (5 — 2V6) "17 + 22/5 — 1) 


u(x, y) = 


A favorite image region R’ for a simply connected region R is the upper half-plane y = 0. For 
any real number a, the complex function Ln(z — a) = log,|z — a| + iArg(z — a) is analytic in R’. 
Therefore, Arg(z — a) is harmonic in R’ and is a solution to the Dirichlet problem shown in 
FIGURE 20.2.7. 

It follows that the solution in R’ to the Dirichlet problem with 


U(x, 0) i. a<xx<b 
x, = . 
0, otherwise 
is the harmonic function U(x, y) = (co/77)(Arg(z — b) — Arg(z — a)). A large number of Dirichlet 


problems in the upper half-plane y = 0 can be solved by adding together harmonic functions of 
this form. 


Answers to selected odd-numbered problems begin on page ANS-43. 


In Problems 1—6, determine where the given complex mapping 8. Use the identity sinh z = —i sin(iz) to find the image of the 
strip —7/2 = y = w/2, x = 0, under the complex mapping 
2. f(z) =cosz w = sinh z. What is the image of a vertical line segment in 

4. fi) =ztLnzt+1 the strip? 


3% fm=aHztet+i 
5. f(z) =(2 - 1)!” 


9. Find the image of the region defined by —7/2 = x S w/2, 


6. f(z) = wi — 3[Lng + 1) + Lag — 1)] y = 0, under the complex mapping w = (sin z)'*. What is the 
In Problems 7-10, use the results in Examples 2 and 3. image of the line segment [—77/2, 77/2] on the x-axis? 
7. Use the identity cos z = sin(7/2 — z) to find the image of the 10. Find the image of the region |z| = 1 in the upper half-plane 
strip 0 = x = 7 under the complex mapping w = cos z. What under the complex mapping w = z + 1/z. What is the image 
is the image of a horizontal line in the strip? of the line segment [—1, 1] on the x-axis? 
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In Problems 11-18, use the conformal mappings in Appendix IV 
to find a conformal mapping from the given region R in the 
z-plane onto the target region R’ in the w-plane, and find the 
image of the given boundary curve. 


11. y v 
A R R’ 


FIGURE 20.2.8 Regions R and R’ for Problem 11 


12. y v 


FIGURE 20.2.9 Regions R and R’ for Problem 12 


bi 
B 
ab 
A 
x 
1 


FIGURE 20.2.10 Regions R and R’ for Problem 13 


13. 


14. y v 


FIGURE 20.2.11 Regions R and R’ for Problem 14 


15. y v 


é R’ 


FIGURE 20.2.12 Regions R and R’ for Problem 15 


16. y v 
R’ 
B A 
x 
1 
u 
FIGURE 20.2.13 Regions R and R’ for Problem 16 
17. y v 
R’ 
x 1 il 
x 
A B 
FIGURE 20.2.14 Regions R and R' for Problem 17 
18. y v 
B yan A 
al RK 
R 
x u 


FIGURE 20.2.15 Regions R and R’ for Problem 18 


In Problems 19-22, use an appropriate conformal mapping and 
the harmonic function U = (1/77) Arg w to solve the given 


Dirichlet problem. 
19. y 


20. , 


u=1 


FIGURE 20.2.17 Dirichlet problem in Problem 20 
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21. y 


ll 
fa 


“w= 1 u 


FIGURE 20.2.18 Dirichlet problem in Problem 21 


22. ‘ 
R 
“all = (0) 
| a 
x 
u=1 1 u=0 


FIGURE 20.2.19 Dirichlet problem in Problem 22 


In Problems 23-26, use an appropriate conformal mapping and 
the harmonic function U = (co/m)[Arg(w — 1) — Arg(w + 1)] 
to solve the given Dirichlet problem. 


ag 


u=1 4, u=0 


FIGURE 20.2.20 Dirichlet problem in Problem 23 
24. y 


FIGURE 20.2.21 Dirichlet problem in Problem 24 


25. 


26. 


21. 


y 


u=10 u=0 


FIGURE 20.2.22 Dirichlet problem in Problem 25 


y 


FIGURE 20.2.23 Dirichlet problem in Problem 26 


A real-valued function (x, y) is called biharmonic in a 
domain D when the fourth-order differential equation 
at at at 
bob | ab _ 


2 
ax* Ox ay? ay* 


0 


at all points in D. Examples of biharmonic functions are the 

Airy stress function in the mechanics of solids and velocity 

potentials in the analysis of viscous fluid flow. 

(a) Show that if @ is biharmonic in D, then u = 0°/dx* + 
d°/dy is harmonic in D. 

(b) If g(z) is analytic in D and #(x, y) = Re(Z g(z)), show that 
¢ is biharmonic in D. 


20.3| Linear Fractional Transformations 


INTRODUCTION 


In many applications that involve boundary-value problems associated 


with Laplace’s equation, it is necessary to find a conformal mapping that maps a disk onto the 
half-plane v = 0. Such a mapping would have to map the circular boundary of the disk to the 
boundary line of the half-plane. An important class of elementary conformal mappings that map 
circles to lines (and vice versa) are the fractional transformations. In this section we will define 
and study this special class of mappings. 
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]|| Linear Fractional Transformation If a, b, c, and d are complex constants with 
ad — bc # 0, then the complex function defined by 


az+b 


Ti) = 
@) oramage éd 


is called a linear fractional transformation. Since 


Ts) = ad — bc 
@) (ez + dy’ 
T is conformal at z provided A = ad — bc # Oand z # —d/c. (If A = 0, then T’(z) = 0 and T(z) 
would be a constant function.) Linear fractional transformations are circle preserving in a sense 
that we will make precise in this section, and, as we saw in Example 7 of Section 20.2, they can 
be useful in solving Dirichlet problems in regions bounded by circles. 

Note that when c # 0, T(z) has a simple pole at zy = —d/c and so 


lim |T(z)| = oo. 


We will write T(z.) = co as shorthand for this limit. In addition, if c # 0, then 


at+b/z a 
lim T(z) = lim = 
|| 00 kjac00 C+ d/z c 


? 


and we write T(oo) = alc. 


| EXAMPLE1 | A Linear Fractional Transformation 


If T(z) = 2z + 1I)K(z — 1), compute T(0), T(co), and T(i). 
SOLUTION Note that 7(0) = 1/(—i) = iand T(co) = lim,,_,., T(z) = 2. Since z = iis a simple 


pole for T(z), we have lim__,;| 7(z)| = oo and we write T(i) = 00. = 


1 Circle-Preserving Property If c = 0, the linear fractional transformation reduces to a 
linear function T(z) = Az + B. We saw in Section 20.1 that such a complex mapping can be 
considered as the composite of a rotation, magnification, and translation. As such, a linear func- 
tion will map a circle in the z-plane to a circle in the w-plane. When c # 0, we can divide cz + d 
into az + b to obtain 


az +b bc — ad 1 a 
+ 


= . (1) 
cz +d c cz+d c 


If we let A = (bc — ad)/c and B = alc, T(z) can be written as the composite of transformations: 
1 

yaeatd maT, w=AytB. (2) 
1 


A general linear fractional transformation can therefore be written as the composite of two linear 


functions and the inversion w = 1/z. Note that if |z — z,| = rand w = 1/z, then 
1 1 lw — w\| 
a = = or = |w — w,| = (r|w,)|w — O}. (3) 
wo wi] [wir 


It is not hard to show that the set of all points w that satisfy 
|w — w,| = Alw — wy| (4) 


is a line when A = | and is acircle when A > 0 and A + 1. It follows from (3) that the image of 
the circle |z — z,| = runder the inversion w = 1/z is a circle except when r = 1/|w,| = |z,|. In the 
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latter case, the original circle passes through the origin and the image is a line. See Figure 20.1.3. 
From (2), we can deduce the following theorem. 


Theorem 20.3.1 —Circle-Preserving Property 


A linear fractional transformation maps a circle in the z-plane to either a line or a circle in 
the w-plane. The image is a line if and only if the original circle passes through a pole of 
the linear fractional transformation. 


PROOF: We have shown that a linear function maps a circle to a circle, whereas an inver- 
sion maps a circle to a circle or a line. It follows from (2) that a circle in the z-plane will be 
mapped to either a circle or a line in the w-plane. If the original circle passes through a pole Zp, 
then 7(z) = oo, and so the image is unbounded. Therefore, the image of such a circle must be a line. 
If the original circle does not pass through Zp, then the image is bounded and must be a circle. = 


| EXAMPLE2 | Images of Circles 


Find the images of the circles |z| = 1 and |z| = 2 under 7(z) = (z + 2)/(z — 1). What are the 
images of the interiors of these circles? 


SOLUTION The circle |z| = 1 passes through the pole z) = 1 of the linear fractional 
transformation and so the image is a line. Since 7(—1) = —} and T(i) = a = 3i, we can 
conclude that the image is the line uw = —}. The image of the interior |z| < 1 is either the 
half-plane u < —} or the half-plane u > —}5. Using z = 0 as a fest point, T(0) = —2, and so 
the image is the half-plane u < —}. 

The circle |z| = 2 does not pass through the pole and so the image is a circle. For |z| = 2, 


= — gt? +2 
|z| = 2 and [QO = = { 


=] 


NLL NI 


= Tz): 


Therefore, T(z) is a point on the image circle and so the image circle is symmetric with respect 
to the u-axis. Since 7(—2) = 0 and 7(2) = 4, the center of the circle is w = 2 and the image 
is the circle |w — 2| = 2. See FIGURE 20.3.1. The image of the interior |z| < 2 is either the 
interior or the exterior of the image circle |w — 2| = 2. Since 7(0) = —2, we can conclude 
that the image is |w — 2| > 2. 


FIGURE 20.3.1 Images of test points in Example 2 = 


Hi Constructing Special Mappings In order to use linear fractional transformations to 
solve Dirichlet problems, we must construct special functions that map a given circular region 
R to a target region R’ in which the corresponding Dirichlet problem is solvable. Since a circular 
boundary is determined by three of its points, we must find a linear fractional transformation 
w = T(z) that maps three given points z,, z,, and z; on the boundary of R to three points wy, w>, 
and w; on the boundary of R’. In addition, the interior of R’ must be the image of the interior of R. 
See FIGURE 20.3.2. 
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w = 7(z) 
—_——_> 


FIGURE 20.3.2 R’ is image of R under T 


[| Matrix Methods Matrix methods can be used to simplify many of the computations. We 
can associate the matrix 


with T(z) = (az + b)(cz + d).* Tf Ty(z) = (ayz + by )M(c,z + d,) and T(z) = (doz + by)M(cz + ds), 
then the composite function T(z) = T,(T\(z)) is given by T(z) = (az + b)/(cz + d), where 


(: *) _ & 2 & sy (5) 
Cc d C2 dy Cy d, : 
If w = T(z) = (az + b)(cz + d), we can solve for z to obtain z = (dw — b)/(—cw + a). Therefore 


the inverse of the linear fractional transformation T is T~'(w) = (dw — b)/(—cw + a) and we 
associate the adjoint of the matrix A, 


adj A -( ia (6) 


—c a 


with T~'. The matrix adj A is the adjoint matrix of A (see Section 8.6), the matrix for T. 


| EXAMPLE3 | Using Matrices to Find an Inverse Transform 


2z- 1 z-1 
d S(z) = , find S~!(T(z)). 
a and S(z) er in (T(z)) 


SOLUTION From (5) and (6), we have S”'(T(z)) = (az + b)/(cz + d), where 
(: *) (| “NG 3) 
adj\ . 
c ad i —-I/\l 2 
e NC ee 1 i) 
-—i WI 2) \1-a 24:7 


(-2+ )z+1+4 2i 
(-2)z+2+i— 


If T(z) = 


Therefore, S-\(T(z)) = 


Hi Triples to Triples The linear fractional transformation 


4 £5 £9 — Ze 
T(z) = ———_ ——_ 
Z— £322 — £1 


has a zero at z = z,, a pole at z = z3, and 7(z,) = 1. Therefore, 7(z) maps three distinct complex 


: 27% % 7 %., 5 
numbers Z,, Z, and z3 to 0, 1, andoo, respectively. The term ———— ———— is called the cross-ratio 


LZ = Z 
of the complex numbers z, z,, Z>, and z3. are : 


* The matrix A is not unique since the numerator and denominator in T(z) can be multiplied by a nonzero 
constant. 
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U=1C 


U=1 Du=l 


(b) 


FIGURE 20.3.3 Image of Dirichlet 
problem in Example 6 
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w 
Likewise, the complex mapping S(w) = > sends W), Wo, and w; to 0, 1, andoo, 
w— W3 W> = WwW, J 


and so S$! maps 0, 1, and oo to w;, W>, and w3. It follows that the linear fractional transformation 
w = S~'(T(z)) maps the triple z,, z,, and z; to w,, w>, and w3. From w = S~!(7(z)), we have 
S(w) = T(z) and we can conclude that 


W— W; W2 — W3 £— 21 43 — & 


(7) 


W-W3W.- Wy 27> 327 fy 


In constructing a linear fractional transformation that maps the triple z,, z., and z3 to w), Wo, 
and w3, we can use matrix methods to compute w = § ~!(T(z)). Alternatively, we can substitute 
into (7) and solve the resulting equation for w. 


| EXAMPLE4 | Constructing a Linear Fractional Transformation 


Construct a linear fractional transformation that maps the points 1, i, and —1 on the circle 
|z| = 1 to the points —1, 0, and | on the real axis. 


SOLUTION Substituting into (7), we have 


wt+l1 0-1 z-1litl 
w-10-(-l z+li-Il 


wt l ae | 
or = -I : 
w-1 zt+1 
Solving for w, we obtain w = —i(z — i)/(z + i). Alternatively, we could use the matrix method 


to compute w = S”'(7(z)). = 


When z, = co plays the role of one of the points in a triple, the definition of the cross-ratio is 
changed by replacing each factor that contains z, by 1. For example, if z; = 00, both z, — z3 and 
Z — Z, are replaced by 1, giving (z — z,)/(z — z3) as the cross-ratio. 


| EXAMPLES | Constructing a Linear Fractional Transformation 


Construct a linear fractional transformation that maps the points oo, 0, and | on the real axis 
to the points 1, i, and —1 on the circle |w| = 1. 


SOLUTION Since z, = co, the terms z — z, and z, — z, in the cross product are replaced by 1. 
It follows that 


w-litl 1 0-1 
wtli-1l z-1 1 
— 1 —1 
or S(w) i~ = T(z). 


wtl z-1 


If we use the matrix method to find w = S~!(T(z)), then 


(: ’) (7 at t) (: -1+ , 

= adj os a 
c d 1 dtl =—1 —i J +i 
Se = see et Deg 


and so w = — = =e = 
=i i sey oe ae | 


| EXAMPLE6 | Solving a Dirichlet Problem 


Solve the Dirichlet problem in FIGURE 20.3.3(a) using conformal mapping by constructing a 
linear fractional transformation that maps the given region into the upper half-plane. 


SOLUTION The boundary circles |z| = 1 and |z — }| = 3 each pass through z = 1. We can 
therefore map each boundary circle to a line by selecting a linear fractional transformation 
that has z = | as a pole. If we further require that 7(i) = 0 and 7(—1) = 1, then 


TO Zr SS] a2 
‘ g=) =1 71 ' 


ti 
z-1 
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Since 7(0) = | + iand (4 + +i) = —1 +i, Tmaps the interior of the circle |z| = 1 onto the 
upper half-plane and maps the circle |z — : |= 5 onto the line v = 1. Figure 20.3.3(b) shows 
the transferred boundary conditions. 

The harmonic function U(u, v) = vis the solution to the simplified Dirichlet problem in the 
w-plane, and so, by Theorem 20.2.2, u(x, y) = U(T(z)) is the solution to the original Dirichlet 
problem in the z-plane. . 2 4 

Ht. La = ae 
5; the solution is given by 


Since the imaginary part of T(z) = (1 — i) 
z 


1S 
—1°@-ty 


u(x eta 
G&D + 
x The level curves u(x, y) = c can be written as 


Gee kare) 
= Fy = 
lt+c Larse 


and are therefore circles that pass through z = |. See FIGURE 20.3.4. These level curves may 


FIGURE 20.3.4 Circles are level curves 
in Example 6 


be interpreted as the isotherms of the steady-state temperature distribution induced by the 
boundary temperatures. 


| 20.3 — Exercises Answers to selected odd-numbered problems begin on page ANS-43. 


In Problems 1-4, a linear fractional transformation is given. 
(a) Compute 7(0), T(1), and T(co). 
(b) Find the images of the circles |z| = 1 and |z — 1| = 1. 
(c) Find the image of the disk |z| = I. 
1. T(z) = 


1 


1 
2. T(z) = —— 
Z= 1 


Zz 
zt+1 ZT 


3. T(z) = 4. T(z) = —- 


gel 


In Problems 5-8, use the matrix method to compute S~!(w) and 
S~'(T(z)) for each pair of linear fractional transformations. 


Z iz + 1 
5. Ti) =7 and = S(z) = ——— 
iz — 1 = I 
& 72) 1Z d S@ 2z + I 
p = an = —— 
oO eo ars 
22: = 3 = 2 
1. T= — and S() =< 
z—3 z> 1 
-1+i 2-i 
8 T(z) = a and = S(z) = owe 
iZg=2 z-1l-i 


In Problems 9-16, construct a linear fractional transformation 
that maps the given triple z,, z>, and z; to the triple w,, w5, 
and w3. 


9. 
11. 
13. 
15. 
17. 


—1, 0, 2 to 0, 1, co 
0, 1, 00 to 0, i, 2 

—1, 0, 1 to i, 0, 0 
1,i, -—ito —1,0,3 


10. 7,0, —ito 0, 1,00 

12. 0,1l,cotol +7,0,1—-i7 
14. —1,0, 1 tooo, -i, 1 

16. 1,1, —itoi, —i, 1 


Use the results in Example 2 and the harmonic function 
U= (log, r)/(log, 79) to solve the Dirichlet problem in FIGURE 20.3.5. 
Explain why the level curves must be circles. 


y 
u=0 R 
Nd tml 
GA 
x 
—0.5 Sp 


FIGURE 20.3.5 Dirichlet problem in Problem 17 


18. Use the linear fractional transformation that maps — 1, 1, 0 to 
0, 1, co to solve the Dirichlet problem in FIGURE 20.3.6. Explain 
why, with one exception, all level curves must be circles. 
Which level curve is a line? 


FIGURE 20.3.6 Dirichlet problem in Problem 18 


19. Derive the conformal mapping H-1 in the conformal mappings 
in Appendix IV. 
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20. Derive the conformal mapping H-S in the conformal mappings 
in Appendix IV by first mapping 1, i, —1 to co, i, 0. 

21. Show that the composite of two linear fractional transforma- 
tions is a linear fractional transformation and verify (5). 


(a) Bounded region 


43 


Z] ra) 
(b) Unbounded region 


FIGURE 20.4.1 Polygonal regions 


A’ 


0 B 


(b) 


FIGURE 20.4.2 Image of upper half-plane 


22. If w,; # w2 and A > 0, show that the set of all points w that 
satisfy |w — w\| = A|w — wy| is a line when A = | and isa 
circle when A # 1. [Hint: Write as |w — w,|? = d’|w = W|" 
and expand. ] 


20.4| Schwarz—Christoffel Transformations 


INTRODUCTION  IfD’ isasimply connected domain with at least one boundary point, then 
the famous Riemann mapping theorem asserts the existence of an analytic function g that 
conformally maps the unit open disk |z| < 1 onto D’. The Riemann mapping theorem is a pure 
existence theorem that does not specify a formula for the conformal mapping. Since the upper 
half-plane y > 0 can be conformally mapped onto this disk using a linear fractional transforma- 
tion, it follows that there exists a conformal mapping f between the upper half-plane and D’. In 
particular, there are analytic functions that map the upper half-plane onto polygonal regions of 
the types shown in FIGURE 20.4.1. Unlike the Riemann mapping theorem, the Schwarz—Christoffel 
formula specifies a form for the derivative f(z) of a conformal mapping from the upper half-plane 
to a bounded or unbounded polygonal region. 


Hi Special Cases To motivate the general Schwarz—Christoffel formula, we first examine 
the effect of the mapping f(z) = (z — x)", 0 < a < 27, on the upper half-plane y = 0 shown 
in FIGURE 20.4.2(a). This mapping is the composite of the translation ¢ = z — x, and the real power 
function w = ¢“’". Since w = C7 changes the angle in a wedge by a factor of a/z,, the interior 
angle in the image region is (a@/7)a@ = a. See Figure 20.4.2(b). 

Note that f’(z) = A(z — x,)@™ | for A = a/a. Next assume that J (2) is a function that is ana- 
lytic in the upper half-plane and that has the derivative 


(@QrAGaay Gawye (1) 


where x, < x. In determining the images of line segments on the x-axis, we will use the fact that 
acurve w = w(t) in the w-plane is a line segment when the argument of its tangent vector w’ (f) 
is constant. From (1), an argument of f’(f) is given by 


arg f(t) = Arg A + (@: - 1) Arg ne (* = 1) Arg se: (2) 


TT T 


Since Arg(t — x) = 7 for t < x, we can find the variation of arg f’(f) along the x-axis. The results 
are shown in the following table. 


Interval arg f(t) Change in Argument 
(—00, X)) Arg A + (a, — 7) + (a, — 77) 0 

(x1, Xo) Arg A + (a, — 77) a = 

(X%2, C0) Arg A 7 — Gy 


Since arg f’(A) is constant on the intervals in the table, the images are line segments, and FIGURE 20.4.3 
shows the image of the upper half-plane. Note that the interior angles of the polygonal image region 
are a, and a,. This discussion generalizes to produce the Schwarz—Christoffel formula. 


Theorem 20.4.1 Schwarz—-Christoffel Formula 


Let f(z) be a function that is analytic in the upper half-plane y > 0 and that has the derivative 


Ge (ee ee) (3) 
where x, <x» <--- <x, and each aq; satisfies 0 < a; < 27. Then f(z) maps the upper 
half-plane y = 0 to a polygonal region with interior angles a1, @,..., Qp. 
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w=f(t),t>Xx> 


\ 
1-0 /\. 


w=f(t),t<x, 


FIGURE 20.4.3 Image of upper half-plane 


y 


(b) 


FIGURE 20.4.4 Image of upper half-plane 
in Example | 


(b) 


FIGURE 20.4.5 Image of upper half-plane 
in Example 2 


we=f(t), xj<t<x 


| EXAMPLE1 | Constructing a Conformal Mapping 


| EXAMPLE2 | Constructing a Conformal Mapping 


In applying this formula to a particular polygonal target region, the reader should carefully 


note the following comments: 


(i) One can select the location of three of the points x, on the x-axis. A judicious choice can 


simplify the computation of f(z). The selection of the remaining points depends on the 
shape of the target polygon. 


(ii) A general formula for f(z) is 


f@= a( fe = x elm 2 — Xp)! Vag - xn ix) + B, 
and therefore f(z) may be considered as the composite of the conformal mapping 
gto) = |e — ay Me = aye = de 


and the linear function w = Az + B. The linear function w = Az + B allows us to magnify, 
rotate, and translate the image polygon produced by g(z). (See Section 20.1.) 


(iii) If the polygonal region is bounded, only n — 1 of the n interior angles should be included 


in the Schwarz—Christoffel formula. As an illustration, the interior angles a,, a, a3, and 
a, are sufficient to determine the Schwarz—Christoffel formula for the pentagon shown in 
Figure 20.4.1 (a). 


Use the Schwarz—Christoffel formula to construct a conformal mapping from the upper half- 
plane to the strip |v| = 1,u = 0. 


SOLUTION We may select x, = —1 and x, = 1 on the x-axis, and we will construct a con- 
formal mapping f with f(— 1) = —iand f(1) = i. See FIGURE 20.4.4. Since a, = ay = 7/2, the 
Schwarz—Christoffel formula (3) gives 

1 A 1 
(2? _ 1)'? i al = 22)" 


fQrsGr lh eal sa 
Therefore, f(z) = —Ai sin 'z+ B. Since f(—1) = —iand f(1) = i, we obtain, respectively, 
7 7 
-1=Ai—+B and i= —-Ai—+B 
2 2 
and conclude that B = 0 and A = —2/z. Thus, f(z) = (2/z)i sin” !z. 


Use the Schwarz—Christoffel formula to construct a conformal mapping from the upper half- 
plane to the region shown in FIGURE 20.4.5(b). 


SOLUTION We again select x, = —1 and x) = 1, and we will require that f(—1) = ai 
and f(1) = 0. Since a, = 3277/2 and ay = 77/2, the Schwarz—Christoffel formula (3) gives 


FQ =AGt DE D", 
If we write f(z) as A(z(z? — 1)"? + 12 — 1)"”), it follows that 
f(2 =AL(2 — 1)" + cosh” !z] + B. 


Note that cosh” !(— 1) = wiand cosh! 1 = 0, and so ai =f(-—1) =A(mi) + Band0 =f(1) = B. 
Therefore, A = a/7 and f(z) = (alm)[(2 — 1)? + cosh !z]. = 


The next example will show that it may not always be possible to find f(z) in terms of 


elementary functions. 
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| EXAMPLE3 | Constructing a Conformal Mapping 


Use the Schwarz—Christoffel formula to construct a conformal mapping from the upper half- 
plane to the interior of the equilateral triangle shown in FIGURE 20.4.6(b). 


y v 


(a) (b) 


FIGURE 20.4.6 Image of upper half-plane in Example 3 


SOLUTION Since the polygonal region is bounded, only two of the three 60° interior angles 
should be included in the Schwarz—Christoffel formula. If x, = 0 and x, = 1, we 
obtain f'(z) = Az ?2(z — 1) 7. It is not possible to evaluate f(z) in terms of elementary func- 
tions; however, we can use Theorem 18.3.3 to construct the antiderivative 


Zz 


fio) = A| ee 


6 ss _ ne 


If we require that f(0) = 0 and f(1) = 1, it follows that B = 0 and 


, 1 
l= A) FAG 1B ds. 


It can be shown that this last integral is '(), where F denotes the gamma function. Therefore, 
the required conformal mapping is 


Lf o4 _ 
I(@ = a5 | Aq — 1B ds. = 


The Schwarz—Christoffel formula can sometimes be used to suggest a possible conformal 
mapping from the upper half-plane onto a nonpolygonal region R’. A key first step is to approxi- 
y mate R’ by polygonal regions. This will be illustrated in the final example. 


| EXAMPLE4 | Constructing a Conformal Mapping 


Use the Schwarz—Christoffel formula to construct a conformal mapping from the upper half- 
plane to the upper half-plane with the horizontal line v = 7, u = 0, deleted. 


SOLUTION The nonpolygonal target region can be approximated by a polygonal region by 
A+ 9 B adjoining a line segment from w = qi to a point uw, on the negative u-axis. See FIGURE 20.4.7(b). 
If we require that f(— 1) = wri and f(0) = uo, the Schwarz—Christoffel transformation satisfies 


v f'@ = A(z Ae 1st tea 


Note that as uw) approaches —oo, the interior angles a, and a, approach 277 and 0, respectively. 
This suggests we examine conformal mappings that satisfy w’ = A(z + 1)'z_' = A(1 + I/z) 
orw = A(z +Lnz)+ B. 

We will first determine the image of the upper half-plane under g(z) = z + Ln z and then 
translate the image region if needed. For ¢ real, 


g(t) =t + log,|t| + i Arg t. 


(b) 


Ift<0, Arg t= 7 and u(t) = t + log,|t| varies from —oo to — 1. It follows that w = g(t) moves 
FIGURE 20.4.7 Image of upper half-plane along the line v = 7 from —oo to —1. When ¢ > 0, Arg t = 0 and u(t) varies from —oo to oo. 
in Example 4 Therefore, g maps the positive x-axis onto the u-axis. We can conclude that g(z) = z + Ln zmaps 
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the upper half-plane onto the upper half-plane with the horizontal line v = 7, u = —1, deleted. 
Therefore, w = z + Ln z+ | maps the upper half-plane onto the original target region. = 


Many of the conformal mappings in Appendix IV can be derived using the Schwarz—Christoffel 
formula, and we will show in Section 20.6 that these mappings are especially useful in analyzing 
two-dimensional fluid flows. 


| 20.4 — Answers to selected odd-numbered problems begin on page ANS-44. 


In Problems 1-4, use (2) to describe the image of the upper 8 f(-l =i, f0)=0 
half-plane y = 0 under the conformal mapping w = f(z) that 
satisfies the given conditions. Do not attempt to find f(z). 


Lf@=G=)™,. f=0 
Zf@-E@t+)™, 7-)=0 
tees Et 7en=0 i 
PE) erly e=t, f= 0 7 
In Problems 5-8, find f’(z) for the given polygonal region using u 


xX) 1, xX) = 0, x3 = 1, x4 = 2, and so on. Do not attempt to 
find f(z). 


m1. SOS 


v 


FIGURE 20.4.11 Polygonal region for Problem 8 


9. Use the Schwarz—Christoffel formula to construct a conformal 
mapping from the upper half-plane y = 0 to the region in 
FIGURE 20.4.12. Require that f(—1) = wi and f(1) = 0. 


v 
Ti 
u 
1 
FIGURE 20.4.8 Polygonal region for Problem 5 
u 
=e =1, JOH0 


v FIGURE 20.4.12 Image of upper half-plane in Problem 9 


Vv 


10. Use the Schwarz—Christoffel formula to construct a conformal 
mapping from the upper half-plane y = 0 to the region in 
FIGURE 20.4.13. Require that f(—1) = —ai and f(1) = ai. 


v 
u 
™ ai 
FIGURE 20.4.9 Polygonal region for Problem 6 ia 
7. f(-)=-1, fo=1 —ai 
v 


FIGURE 20.4.13 Image of upper half-plane in Problem 10 


11. Use the Schwarz—Christoffel formula to construct a conformal 

Dye || Bae : : 
cee | SE mapping from the upper half-plane y = 0 to the horizontal 
u strip 0 = v = w by first approximating the strip by the po- 


lygonal region shown in FIGURE 20.4.14. Require that 
f(-) = wi, f(O) = wy = —w,, and f(1) = 0, and let w; > 00 
FIGURE 20.4.10 Polygonal region for Problem 7 in the horizontal direction. 
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Vv 
Ti 
Wo WwW] 
u 


FIGURE 20.4.14 Image of upper half-plane in Problem 11 


12. Use the Schwarz—Christoffel formula to construct a conformal ah 
mapping from the upper half-plane y = 0 to the wedge 
0 = Arg w S w/4 by first approximating the wedge by the 


13. Verify M-4 in Appendix IV by first approximating the region 
R’ by the polygonal region shown in FIGURE 20.4.16. Require 
that f(—1) = —u,, f(O) = ai, and f(1) = wu, and let u; > 0 
along the u-axis. 


Vv 


region shown in FIGURE 20.4.15. Require that f(0) = 0 and ie “1 


f(1) = Land let 6 > 0. 


. 
iL 
u 
1 


FIGURE 20.4.16 Image of upper half-plane in Problem 13 


14. Show that if a curve in the w-plane is parameterized by w = w(t), 
a=t=b, and arg w(t) is constant, then the curve is a line 
segment. [Hint: If w(t) = u(t) + iv(), then tan(arg w‘(1)) = dv/du.] 


FIGURE 20.4.15 Image of upper half-plane in Problem 12 


FIGURE 20.5.1 Boundary conditions 
ony =0 


Uy u=U), 


FIGURE 20.5.2 General boundary 
conditions on y = 0 
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/20.5| Poisson Integral Formulas 


INTRODUCTION The success of the conformal mapping method depends on the recognition 
of the solution to the new Dirichlet problem in the image region R’. It would therefore be helpful 
if a general solution could be found for Dirichlet problems in either the upper half-plane y = 0 
or the unit disk |z| = 1. The Poisson integral formula for the upper half-plane provides such a 
solution by expressing the value of a harmonic function u(x, y) at a point in the interior of the 
upper half-plane in terms of its values on the boundary y = 0. 


[| Formulas for the Upper Half-Plane To develop the formula, we first assume that the 
boundary function is given by u(x, 0) = f(x), where f(x) is the step function indicated in FIGURE 20.5.1. 
The solution of the corresponding Dirichlet problem in the upper half-plane is 


u(x, y) =“! [Arg(< — b) — Arg( ~ a). (1) 


Since Arg(z — b) is an exterior angle in the triangle formed by z, a, and b, Arg(z — b) = 0@(z) + 
Arg(z — a), where 0 < 6(z) < 7, and we can write 


i i —b 
u(x, y) = 2 0@) = = an(: ) (2) 


T Za 


The superposition principle can be used to solve the more general Dirichlet problem in 
FIGURE 20.5.2. If u(x, 0) = u; for x;_; S x S x; and u(x, 0) = 0 outside the interval [a, b], then 
from (1), 


n 


i LX 
u(x, y) = >) + [Arg@ ~ x) ~ Aree — 4-1 = = > wi. (3) 
i=1 


i=1 


Note that Arg (z — 4) = tan’ |( y/(x — t)), where tan ! is selected between 0 and 7r, and therefore 
didt Arg(z — t) = yl((x — t)” + y’). From (3), 
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(b) 


FIGURE 20.5.3 Image of Dirichlet 
problem in Example 2 


i ae: 1 oi uiy 
u(x, y) = — > | yg ABE t) dt = — >| 


i=1 Jx,_ i=l ake i ta 
Since u(x, 0) = 0 outside of the interval [a, b], we have 


y [ u(t, O) 
7 Lest ay 


u(x, y) = (4) 


A bounded piecewise-continuous function can be approximated by step functions, and therefore 
our discussion suggests that (4) is the solution to the Dirichlet problem in the upper half-plane. 
This is the content of Theorem 20.5.1. 


Theorem 20.5.1 — Poisson Integral Formula for the Upper Half-Plane 


Let u(x, 0) be a piecewise-continuous function on every finite interval and bounded on 
—oo < x < oo. Then the function defined by 


y [ u(t, 0) 
eee ay tye 


Os 1) = 
is the solution of the corresponding Dirichlet problem on the upper half-plane y = 0. 


There are a few functions for which it is possible to evaluate the integral in (4), but in general, 
numerical methods are required to evaluate the integral. 


| EXAMPLE1 | Solving a Dirichlet Problem 


Find the solution of the Dirichlet problem in the upper half-plane that satisfies the boundary 
condition u(x, 0) = x when |x| < 1, and u(x, 0) = 0 otherwise. 


SOLUTION By the Poisson integral formula, 


1 
t 


y 
WY I, Gate” 


Using the substitution s = x — ft, we can show that 


»y) ps 7 Ose ty + y) — x tan ; ; 


which can be simplified to 


= ley +1 =1 
u(x, y) = = loe.|* e 4 = fon (2+) - art(2 )I = 
2 («+ 1) +y 7 y y 
In most of the examples and exercises u(x, 0) is a step function, and we will use the integrated 
solution (3) rather than (4). If the first interval is (—co, x,), then the term Arg(z — x,) — Arg(z — a) 


in the sum should be replaced by Arg(z — x,). Likewise, if the last interval is (x,,_;, co), then 
Arg(z — b) — Arg(z — x,,,) should be replaced by 7 — Arg(z — x,_,). 


| EXAMPLE2 | Solving a Dirichlet Problem 


The conformal mapping f(z) = z + 1/z maps the region in the upper half-plane and outside 
the circle |z| = 1 onto the upper half-plane v = 0. Use this mapping and the Poisson integral 
formula to solve the Dirichlet problem shown in FIGURE 20.5.3(a). 


n—1> 


SOLUTION Using the results of Example 3 in Section 20.2, we can transfer the boundary 
conditions to the w-plane. See Figure 20.5.3(b). Since U(u, 0) is a step function, we will use the 
integrated solution (3) rather than the Poisson integral. The solution to the new Dirichlet problem is 


1 1 1, (w+2 
Ulu, v) = — Arg(w + 2) + —[m — Argiw — 2)] = 1 _ Arg woop 
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FIGURE 20.5.4 Thin membrane on 


a frame 


934 


and therefore 


waco!) 214 1 ang(@2E*2) 
u(x, y) = z z ~ = rg z+1/z-2 ? 


a 1 z+1\ 
which can be simplified to u(x, y) = 1 + = Arg i}° 
z- 


[| Formula for the Unit Disk A Poisson integral formula can also be developed to solve 
the general Dirichlet problem for the unit disk. 


Theorem 20.5.2 = Poisson Integral Formula for the Unit Disk 


Let u(e'’) be bounded and piecewise continuous for —7 < 6 < z. Then the solution to the 
corresponding Dirichlet problem on the open unit disk |z| < 1 is given by 


u(x, y) = =|. u(e") male at dt. (5) 
2 Qn eee |e" = zl 


[| Geometric Interpretation FIGURE 20.5.4 shows a thin membrane (such as a soap film) 
that has been stretched across a frame defined by u = u(e’”). The displacement u in the direction 
perpendicular to the z-plane satisfies the two-dimensional wave equation 


2 ou au au 
7 2+ 79) = yo 
Ox oy ot 


and so at equilibrium, the displacement function uv = u(x, y) is harmonic. Formula (5) provides 
an explicit solution for the displacement u and has the advantage that the integral is over the finite 
interval [—7, 77]. When the integral cannot be evaluated, standard numerical integration proce- 
dures can be used to estimate u(x, y) at a fixed point z = x + iy with |z| <1. 


| EXAMPLE3 | Displacement of a Membrane 


A frame for a membrane is defined by u(e””) = |0| for —7 = 6 Sg. Estimate the equilibrium 
displacement of the membrane at (—0.5, 0), (0, 0), and (0.5, 0). 


1 7 1 —lz 2 
SOLUTION From (5), we get u(x, y) = . | 2| x | = dt. When (x, y) = (0, 0), we get 
7 ez 


aaa ( 


7 


7 
tldt = —. 
laa 


1 
0, 0) = — 
Wl. 0) 27 | 
For the other two values of (x, y), the integral is not elementary and must be estimated using 
a numerical integration procedure. Using Simpson’s rule, we obtain (to four decimal places) 
u(—0.5, 0) = 2.2269 and u(0.5, 0) = 0.9147. = 


I| Fourier Series Form The Poisson integral formula for the unit disk is actually a compact 
way of writing the Fourier series solution to Laplace’s equation that we developed in Chapter 
14. To see this, first note that u,(r, 8) = r” cos n@ and v,(r, 0) = r” sin n@ are each harmonic, 
since these functions are the real and imaginary parts of z”. If do, a, and b,, are chosen to be the 
Fourier coefficients of u(e’) for —a < @ < 7, then, by the superposition principle, 


a 


mi + Sa,r" cos n@ + b,r” sin n@) (6) 


n=1 


u(r, 0) = 
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frame u(ei9) =sin4@ is harmonic and u(1, 0) = (ap/2) + So, (a, cos nO + b, sin nO) = u(e’). Since the solution of 


.” level curves 


FIGURE 20.5.5 Level curves in 
Example 4 


| EXAMPLE4 | Solving a Dirichlet Problem 


Find the solution of the Dirichlet problem in the unit disk satisfying the boundary condition 
u(e’’) = sin 40. Sketch the level curve u = 0. 


and are shown in FIGURE 20.5.5. = 


the Dirichlet problem is also given by (5), we have 


| = r ao eo - 
dt=—+ (a,r” cos n@ + b,r" sin né). 
=1 


— rep 2 


n 


SOLUTION Rather than working with the Poisson integral (5), we will use the Fourier series 
solution (6), which reduces to u(r, 0) = r* sin 46. Therefore, u = 0 if and only if sin 40 = 0. 
This implies u = 0 on the lines x = 0, y = 0, and y = +x. 

If we switch to rectangular coordinates, u(x, y) = Axy(x? = y). The surface u(x, y) = Axy(x? = y’), 
the frame u(e"”) = sin 40, and the system of level curves were sketched using graphics software 


| 20.5 _— Exercises Answers to selected odd-numbered problems begin on page ANS-44. 


In Problems 1-4, use the integrated solution (3) to the Poisson 
integral formula to solve the given Dirichlet problem in the 
upper half-plane. 


FIGURE 20.5.6 Dirichlet problem in Problem 1 


FIGURE 20.5.7 Dirichlet problem in Problem 2 


FIGURE 20.5.8 Dirichlet problem in Problem 3 


FIGURE 20.5.9 Dirichlet problem in Problem 4 


5. Find the solution of the Dirichlet problem in the upper half- 
plane that satisfies the boundary condition u(x, 0) = x* when 
O<x< 1, and u(x, 0) = 0 otherwise. 

6. Find the solution of the Dirichlet problem in the upper half- 
plane that satisfies the boundary condition u(x, 0) = cos x. 
[Hint: Let s = t — x and use the Section 19.6 formulas 


CO -—a CO . 
cos s Te sin s 
ds = : zz ds = 0 


2 2 2 2 
oS Fa a oS Fa 


fora>0.] 


In Problems 7—10, solve the given Dirichlet problem by finding 
a conformal mapping from the given region R onto the upper 
half-plane v = 0. 


7 y 8. 
u=5 
to. R 
u=0 
Se — 1 


FIGURE 20.5.11 Dirichlet 
problem in Problem 8 


FIGURE 20.5.10 Dirichlet 
problem in Problem 7 


FIGURE 20.5.13 Dirichlet 
problem in Problem 10 


FIGURE 20.5.12 Dirichlet 
problem in Problem 9 
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11. A frame for a membrane is defined by u(e'®) = 6°/1? for 13. Use the Poisson integral formula for the unit disk to show that 


—q7 =6=7. Use the Poisson integral formula for the unit u(O, 0) is the average value of the function u = u(e’”) on the 
disk to estimate the equilibrium displacement of the membrane boundary |z| = 1. 
at (—0.5, 0), (0, 0), and (0.5, 0). 

12. A frame for a membrane is defined by u(e) = e~ for In Problems 14 and 15, solve the given Dirichlet problem for the 
7 <6 <7. Use the Poisson integral formula for the unit unit disk using the Fourier series form of the Poisson integral 
disk to estimate the equilibrium displacement of the membrane formula, and sketch the system of level curves. 
at (—0.5, 0), (0, 0), and (0.5, 0). 14. u(e’) = cos 20 15. u(e’’) = sin @ + cos 6 


20.6| Applications 


INTRODUCTION In Sections 20.2, 20.3, and 20.5 we demonstrated how Laplace’s partial 
differential equation can be solved with conformal mapping methods, and we interpreted a solu- 
tion u = u(x, y) of the Dirichlet problem as either the steady-state temperature at the point (x, y) 
or the equilibrium displacement of a membrane at the point (x, y). Laplace’s equation is a 
fundamental partial differential equation that arises in a variety of contexts. In this section we 
will establish a general relationship between vector fields and analytic functions and use 
our conformal mapping techniques to solve problems involving electrostatic force fields and 
two-dimensional fluid flows. 


Il Vector Fields A vector field F(x, y) = P(x, y)i + Q(x, y)j in a domain D can also be 
expressed in the complex form 


F(x, y) = P(x, y) + iQ(, y) 


and thought of as a complex function. Recall from Chapter 9 that div F = dP/dx + dQ/dy and 
curl F = (0Q/dx — dP/dy)k. If we require that both div F = 0 and curl F = 0, then 


aP aO aP a0 
—=-~= ad —=— (1) 
Ox oy oy Ox 


This set of equations is reminiscent of the Cauchy—Riemann criterion for analyticity presented 
in Theorem 17.5.2 and suggests that we examine the complex function g(z) = P(x, y) — iQ(x, y). 


Theorem 20.6.1 Vector Fields and Analyticity 


(i) Suppose that F(x, y) = P(x, y) + iQ(, y) is a vector field in a domain D and P(x, y) and 
Q(x, y) are continuous and have continuous first partial derivatives in D. If div F = 0 and 
curl F = 0, then the complex function 


a(z) = P(x, y) — iO, y) 


is analytic in D. 
(ii) Conversely, if g(z) is analytic in D, then F(x, y) = g(z) defines a vector field in D for 
which div F = 0 and curl F = 0. 


PROOF: If u(x, y) and v(x, y) denote the real and imaginary parts of g(z), then u = P and v = —Q. 
Therefore the equations in (1) are equivalent to the equations 


ou _ a(~v) ou _ a(-v)_ 


an 
Ox oy oy Ox 
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: ou 
that is, —= and — = -—, (2) 
Ox oy oy Ox 


The equations in (2) are the Cauchy—Riemann equations for analyticity. = 


| EXAMPLE1 | Vector Field Gives an Analytic Function 


The vector field defined by F(x, y) = (—kq/|z — Z| *)(z — zo) may be interpreted as the electric 
field produced by a wire that is perpendicular to the z-plane at z = zp) and carries a charge of 
q coulombs per unit length. The corresponding complex function is 


—kq = ——~ —kq 
Zz) = — 7 — 2%) = : 
giz) eae: 0?) z= % 


Since g(z) is analytic for z # z9, div F = 0 and curl F = 0. = 


| EXAMPLE2 | Analytic Function Gives a Vector Field 


The complex function g(z) = Az, A > 0, is analytic in the first quadrant and therefore gives 
rise to the vector field V(x, y) = g(z) = Ax — iAy, which satisfies div V = 0 and curl V = 0. 
We will show toward the end of this section that V(x, y) may be interpreted as the velocity of 


a fluid that moves around the corner produced by the boundary of the first quadrant. = 


The physical interpretation of the conditions div F = 0 and curl F = 0 depends on the setting. 
If F(x, y) represents the force in an electric field that acts on a unit test charge placed at (x, y), 
then, by Theorem 9.9.2, curl F = 0 if and only if the field is conservative. The work done in 
transporting a test charge between two points in D must be independent of the path. 

If Cis a simple closed contour that lies in D, Gauss’s law asserts that the line integral ¢, (F : n) ds 
is proportional to the total charge enclosed by the curve C. If D is simply connected and all the 
electric charge is distributed on the boundary of D, then ¢. (F - n) ds = 0 for any simple closed 
contour in D. By the divergence theorem in the form (1) of Section 9.16, 


ge -n)ds = \| div F dA, (3) 
Cc 
R 


where R is the region enclosed by C, and we can conclude that div F = 0 in D. Conversely, if 
div F = 0 in D, the double integral is zero and therefore the domain D contains no charge. 


J) Potential Functions Suppose that F(x, y) is a vector field in a simply connected domain 
Dwithboth div F = Oandcurl F = 0. By Theorem 18.3.3, the analytic function g(z) = P(x, y) — iO(x, y) 
has an antiderivative 


G(z) = b(x, y) + Wp, y) (4) 
in D, which is called a complex potential for the vector field F. Note that 


ap | of db _ db 


sg) = G'@ = Ox Ox Ox oy 
0 0 
and so ig = Pp and ay =@Q. (5) 
Ox oy 


Therefore, F = Vd and, as in Section 9.9, the harmonic function ¢ is called a (real) potential 
function for F.* When the potential ¢ is specified on the boundary of a region R, we can use 
conformal mapping techniques to solve the resulting Dirichlet problem. The equipotential lines 
(x, y) = c can be sketched and the vector field F can be determined using (5). 


*Tf F is an electric field, the electric potential function ® is defined to be —¢ and F = —V®. 
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0.25 0.5 0.75 


| | 
(b) 


FIGURE 20.6.1 Images of boundary 
conditions in Example 3 


| EXAMPLE3 | Complex Potential 


The potential ¢ in the half-plane x = 0 satisfies the boundary conditions (0, y) = 0 and 
d(x, 0) = | for x = 1. See FIGURE 20.6.1(a). Determine a complex potential, the equipotential 
lines, and the force field F. 


SOLUTION We saw in Example 2 of Section 20.2 that the analytic function z = sin w maps 
the strip 0 < u S 7/2 in the w-plane to the region R in question. Therefore, f(z) = sin 'z maps 
R onto the strip, and Figure 20.6.1(b) shows the transferred boundary conditions. The simpli- 
fied Dirichlet problem has the solution U(u, v) = (2/a)u, and so (x, y) = U(sin™!z) = 
Re ((2/m) sin” 'z) is the potential function on D, and G(z) = (2/m) usin ~'zis acomplex potential 
for the force field F. 

Note that the equipotential lines @ = c are the images of the equipotential lines U = c in 
the w-plane under the inverse mapping z = sin w. In Example 2 of Section 20.2 we showed 
that the vertical line wu = a is mapped onto a branch of the hyperbola 

#2 y 


a an de 
sin“ad —-cos“a 


Since the equipotential line U = c,0 <c < 1, is the vertical line u = 7/2c, it follows that the 
equipotential line @ = c is the right branch of the hyperbola 


2 2 
x y 


sin?(arc/2) cos? (re/2) a 


Since F = G’(z) and d/dz sin"'z = 1/(1 — 2)", the force field is given by 


2 1 2 1 


= = a _ gy ~ 7 el _ gy 


[| Steady-State Fluid Flow The vector V(x, y) = P(x, y) + iQ(x, y) may also be interpreted 
as the velocity vector of a two-dimensional steady-state fluid flow at a point (x, y) in a domain D. 
The velocity at all points in the domain is therefore independent of time, and all movement takes 
place in planes that are parallel to a z-plane. 

The physical interpretation of the conditions div V = 0 and curl V = 0 was discussed in 
Section 9.7. Recall that if curl V = 0 in D, the flow is called irrotational. If a small circular 
paddle wheel is placed in the fluid, the net angular velocity on the boundary of the wheel is zero, 
and so the wheel will not rotate. If div V = 0 in D, the flow is called incompressible. In a simply 
connected domain D, an incompressible flow has the special property that the amount of fluid 
in the interior of any simple closed contour C is independent of time. The rate at which fluid 
enters the interior of C matches the rate at which it leaves, and consequently there can be no fluid 
sources or sinks at points in D. 

If div V = 0 and curl V = 0, V has a complex velocity potential 


G(z) = h(x, y) + i(x, y) 


that satisfies G’(z) = V. In this setting, special importance is placed on the level curves W(x, y) = c. 
If z(t) = x(t) + iy(A) is the path of a particle (such as a small cork) that has been placed in the 
fluid, then 


oi: P(x, y) 
dt ee 


; (6) 
7 = Ox, y). 


Hence, dy/dx = Q(x, y)/P(x, y) or —Q(x, y) dx + P(x, y) dy = 0. This differential equation is 
exact, since div V = 0 implies 0(—Q)/dy = 0P/dx. By the Cauchy—Riemann equations, 
dplox = —dd/dy = —Q and dys/dy = dd/dx = P, and therefore all solutions of (6) satisfy 
s(x, y) = c. The function y(x, y) is therefore called a stream function and the level curves 
s(x, y) = c are streamlines for the flow. 
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(b) 


FIGURE 20.6.2 (a) Uniform flow in 
Example 4; (b) Flow around a corner 
in Example 5 


FIGURE 20.6.3 Flow around a cylinder 
in Example 6 


FIGURE 20.6.4 Flow in Example 7 


| EXAMPLE4 | Uniform Flow 


The uniform flow in the upper half-plane is defined by V(x, y) = AC, 0), where A is a fixed 
positive constant. Note that |V| = A, and so a particle in the fluid moves at a constant speed. 
A complex potential for the vector field is G(z) = Az = Ax + iAy, and so the streamlines are 
the horizontal lines Ay = c. See FIGURE 20.6.2(a). Note that the boundary y = 0 of the region is 
itself a streamline. = 


| EXAMPLES | Flow Around a Corner 


The analytic function G(z) = 2’ gives rise to the vector field V(x, y) = G'(2 = (2x, —2y) in 
the first quadrant. Since z? = x? — y’ + i(2xy), the stream function is (x, y) = 2xy and the 
streamlines are the hyperbolas 2xy = c. This flow, called flow around a corner, is depicted in 
Figure 20.6.2(b). As in Example 4, the boundary lines x = 0 and y = 0 in the first quadrant 
are themselves streamlines. = 


[| Constru cting Special Flows The process of constructing an irrotational and incompress- 
ible flow that remains inside a given region R is called streamlining. Since the streamlines are de- 
scribed by (x, y) = c, two distinct streamlines do not intersect. Therefore, if the boundary is itself a 
streamline, a particle that starts inside R cannot leave R. This is the content of the following theorem: 


Theorem 20.6.2 Streamlining 


Suppose that G(z) = h(x, y) + iW(x, y) is analytic in a region R and w(x, y) is constant on the 
boundary of R. Then V(x, y) = G'(z) defines an irrotational and incompressible fluid flow in R. 
Moreover, if a particle is placed inside R, its path z = z(f) remains in R. 


| EXAMPLE6 | Flow Around a Cylinder 


The analytic function G(z) = z + 1/z maps the region R in the upper half-plane and outside 
the circle |z| = | onto the upper half-plane v = 0. The boundary of R is mapped onto the w- 
axis, and so v = W(x, y) = y — y/(x? + y’) is zero on the boundary of R. FIGURE 20.6.3 shows 
the streamlines of the resulting flow. The velocity field is given by G'(z) = 1 — 1/Z, and so 


G'(re®) =1—- a en: 
ria 
It follows that V ~ (1, 0) for large values of r, and so the flow is approximately uniform at large 
distances from the circle |z| = 1. The resulting flow in the region R is called flow around a cylinder. 
The mirror image of the flow can be adjoined to give a flow around a complete cylinder. = 


If R is a polygonal region, we can use the Schwarz—Christoffel formula to find a conformal 
mapping z = f(w) from the upper half-plane R’ onto R. The inverse function G(z) = f-'(z) maps 
the boundary of R onto the u-axis. Therefore, if G(z) = b(x, y) + iw(x, y), then W(x, y) = 0 on 
the boundary of R. Note that the streamlines w(x, y) = c in the z-plane are the images of the hori- 
zontal lines v = c in the w-plane under z = f(w). 


| EXAMPLE7 | Streamlines Defined Parametrically 


The analytic function f(w) = w + Ln w + 1 maps the upper half-plane v = 0 to the upper 
half-plane y = 0 with the horizontal line y = 77, x = 0, deleted. See Example 4 in Section 20.4. 
If G(z) = f '(z) = b(x, y) + iv (x, y), then G(z) maps R onto the upper half-plane and maps 
the boundary of R onto the u-axis. Therefore, yy (x, y) = 0 on the boundary of R. 

It is not possible to find an explicit formula for the stream function w (x, y). The streamlines, 
however, are the images of the horizontal lines v = c under z = f(w). If we write w = f + ic, 
c > 0, then the streamlines can be represented in the parametric form 


z=f(tt+ ic) =t+ ic + Ln(t + ic) + 1; 


1 
that is, x=ftt1+ A log, (t? +c’), y=c+t Arg(t + ic). 


Graphing software was used to generate the streamlines in FIGURE 20.6.4. 
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A stream function w(x, y) is harmonic but, unlike a solution to a Dirichlet problem, we do not 
require yf (x, y) to be bounded (see Examples 4—6) or to assume a fixed set of constants on the 
boundary. Therefore, there may be many different stream functions for a given region that satisfy 
Theorem 20.6.2. This will be illustrated in the final example. 


| EXAMPLES | 8 Streamlines Defined Parametrically 


The analytic function f(w) = w + e” + | maps the horizontal strip 0 = v = 7 onto the 
region R shown in Figure 20.6.4. Therefore, G(z) = f~(z) = @(x, y) + ib(x, y) maps R back 
to the strip and, from M-1 in the conformal mappings in Appendix IV, maps the boundary 
line y = 0 onto the u-axis and maps the boundary line y = a, x = 0, onto the horizontal line 
v = 7. Therefore, (x, y) is constant on the boundary of R. 

The streamlines are the images of the horizontal lines v = c, 0 < c < 7, under z = f(w). 
As in Example 7, a parametric representation of the streamlines is 


z=fttidattic+ ee +1 


or x=t+1+e'cosc, y=cteé'sine. 


The streamlines are shown in FIGURE 20.6.5. Unlike the flow in Example 7, the fluid appears 
FIGURE 20.6.5 Flow in Example 8 to emerge from the strip 0 < y< 7,x <0. = 


| 20.6 — Exercises Answers to selected odd-numbered problems begin on page ANS-44. 


In Problems 1-4, verify that div F = 0 and curl F = 0 for the 7. The potential ¢ on the semicircle |z| = 1, y = 0, satisfies the 
given vector field F(x, y) by examining the corresponding boundary conditions #(x, 0) = 0, -—1 < x < 1, and 
complex function g(z) = P(x, y) — iQ(x, y). Find a complex b(e”) = 1,0 < 6 < a. Show that 
potential for the vector field and sketch the equipotential lines. 1 z-1\? 
1. F(x, y) = (cos 6,)i + (sin 6,)j $y) = 1 ara( ) 
oy 0 oJ 7 zt+1 


2. FQ, y) = —yi— xj and use the mapping properties of linear fractional transforma- 


x. y , tions to explain why the equipotential lines are arcs of circles. 


= x+y?’ = x+y’ , 8. Use the conformal mapping C-1 in Appendix IV to find the 

22 2Qxy potential in the region outside the two circles |z| = 1 and 

4. Fa, y) = —5 nat Ta a3 J |z — 3| = 1 if the potential is kept at zero on |z| = 1 and one 

aes eae on |z — 3| = 1. Use the mapping properties of linear fractional 

5. The potential @ on the wedge 0 = Arg z = 77/4 satisfies the transformations to explain why the equipotential lines are, 
boundary conditions (x, 0) = 0 and d(x, x) = | for x > 0. with one exception, circles. 


Determine a complex potential, the equipotential lines, and 
the corresponding force field F. 
6. Use the conformal mapping f(z) = 1/z to determine a complex 


In Problems 9-14, a complex velocity potential G(z) is defined 
on a region R. 


potential, the equipotential lines, and the corresponding force (a) Find the stream function and verify that the boundary of R is 
field F for the potential ¢ that satisfies the boundary conditions a streamline. 
shown in FIGURE 20.6.6. (b) Find the corresponding velocity vector field V(x, y). 
(c) Use a graphing utility to sketch the streamlines of the flow. 
4 9 G@=z 
o=1 g=1 
x 

o=0 9 =0 

FIGURE 20.6.6 Boundary conditions in Problem 6 FIGURE 20.6.7 Region R for Problem 9 
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10. G(z) = 2% 


11. 


12. 


13. 


FIGURE 20.6.8 


G(z) = sin z 


y 


x 
2 


Region R for Problem 10 


x 
x 
2 


FIGURE 20.6.9 Region R for Problem 11 


G(z) = isin™ 


y 


FIGURE 20.6.10 


Region R for Problem 12 


G2) =2 + Ue 


y 


i_ 


1 


FIGURE 20.6.11 


Region R for Problem 13 


14. Giz =e& 


Ti 


FIGURE 20.6.12 Region R for Problem 14 


In Problems 15-18, a conformal mapping z = f(w) from the upper 
half-plane v = 0 to a region R in the z-plane is given and the flow 
in R with complex potential G(z) = f '(z) is constructed. 


(a) Verify that the boundary of R is a streamline for the flow. 

(b) Find a parametric representation for the streamlines of the 
flow. 

(c) Use a graphing utility to sketch the streamlines of the flow. 


15. M-9 in Appendix IV 

16. M-4 in Appendix IV; use a = 1 

17. M-2 in Appendix IV; use a = 1 

18. M-5 in Appendix IV 

19. A stagnation point in a flow is a point at which V = 0. Find 
all stagnation points for the flows in Examples 5 and 6. 

20. For any two real numbers k and x,, the function G(z) = 
k Ln(z — x;) is analytic in the upper half-plane and therefore 
is acomplex potential for a flow. The real number x, is called 
a sink when k < 0 and a source for the flow when k > 0. 

(a) Show that the streamlines are rays emanating from x. 
(b) Show that V = (k/|z — x,| *\(z — x,) and conclude that 
the flow is directed toward x, precisely when k < 0. 

21. If f(z) is aconformal mapping from a domain D onto the up- 
per half-plane, a flow with a source at a point &,) on the bound- 
ary of D is defined by the complex potential 
G(z) = kLn(f(z) — f(&)), where k > 0. Determine the stream- 
lines for a flow in the first quadrant with a source at & = | 
andk = 1. 

22. (a) Construct a flow on the horizontal strip 0 < y < 7 witha 

sink at the boundary point &) = 0. [Hint: See Problem 21.] 
(b) Use a graphing utility to sketch the streamlines of the 
flow. 

23. The complex potential G(z) = k Ln(z — 1) — kLn(z + 1) with 
k > 0 gives rise to a flow on the upper half-plane with a single 
source at z = | and a single sink at z = —1. Show that the 
streamlines are the family of circles x* + (y — c)’ = 14+ c’. 
See FIGURE 20.6.13. 


-1 1 


FIGURE 20.6.13 Streamlines in Problem 23 
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24. The flow with velocity vector V = (a + ib)/z is called a (c) Conclude that the logarithmic spirals in part (b) spiral 


vortex at z = 0, and the geometric nature of the streamlines inward if and only if a < 0, and the curves are traversed 
depends on the choice of a and b. clockwise if and only if b < 0. See FIGURE 20.6.14. 
(a) Show that if z = x(t) + iy(A) is the path of a particle, then 
y 
dx — ax — by 
dt x*+y? 
dy bx + ay x 
dt x24 ae 
(b) Change to polar coordinates to establish that dr/dt = a/r 
and d6/dt = b/r, and conclude that r = ce” for b # 0. 
[Hint: See (2) of Section 11.1.] FIGURE 20.6.14 Logarithmic spiral in Problem 24 
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Answer Problems 1—10 without referring back to the text. Fill in 12, Y v 

the blank or answer true/false. A 
1. Under the complex mapping f(z) = 2’, the curve xy = 2 is 

mapped onto the line . R ——_ji PF 


2. The complex mapping f(z) = —izis a rotation through 
degrees. 


3. The image of the upper half-plane y = 0 under the complex 
mapping f(z) = z7 is . 


4. The analytic function f(z) = cosh z is conformal except at 
z= 


FIGURE 20.R.1 Regions R and R’ for Problem 12 


5. If w = f(z) is an analytic function that maps a domain D onto 
the upper half-plane v > 0, then the function u = Arg( f(z)) 
is harmonic in D. 


6. Is the image of the circle |z — 1| = 1 under the complex map- 
ping 7(z) = (z — 1)z — 2) acircle or a line? 


Bo hooey) 


7. The linear fractional transformation 7(z) = 
Z— £32 — 2 


maps the triple z,, z2, and z; to 
8. Iff'(j= 27741 (2-1), then f(z) maps the upper 


half-plane y > 0 onto the interior of a rectangle. FIGURE 20.R.2 Regions R and R’ for Problem 13 

9. If F(x, y) = P(x, y)i + Q(x, y)jis a vector field in a domain D 
with div F = 0 and curl F = 0, then the complex function In Problems 14 and 15, use an appropriate conformal mapping 
g(z) = P(x, y) + iQ, y) is analytic in D. to solve the given Dirichlet problem. 


10. If G(z) = d(x, y) + is(x, y) is analytic in a region R and 
V(x, y) = iG'(z), then the streamlines of the corresponding 
flow are described by (x, y) = c. 


11. Find the image of the first quadrant under the complex map- 
ping w = Lnz = log,|z| + i Arg z. What are images of the 
rays 0 = @, that lie in the first quadrant? 


In Problems 12 and 13, use the conformal mappings in 
Appendix IV to find a conformal mapping from the given 
region R in the z-plane onto the target region R’ in the w-plane, 


and find the image of the given boundary curve. FIGURE 20.R.3 Dirichlet problem in Problem 14 
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15. 


16. 


17. 


n=) 2i u=1 


x 


FIGURE 20.R.4 Dirichlet problem in Problem 15 


Derive conformal mapping C-4 in Appendix IV by construct- 
ing the linear fractional transformation that maps 1, —1, oo 
toi, = E =f, 

(a) Approximate the region R’ in M-9 in Appendix IV by the 
polygonal region shown in FIGURE 20.R.5. Require that 
S(-\) = uy, f(O) = wi/2, and f(1) = uy, + wi. 

(b) Show that when wu, — oo, 


fi = Ade + ye = 1" = Lal ! + 1 } 
2 ztl z-1 


(c) If we require that Im( f(‘)) = 0 fort << —1, Im( f(A) = 7 
for t > 1, and f(0) = wi/2, conclude that 


f@ = Ti — 5 lke + 1)+ Lng — 1). 


18. 


19. 


20. 


uy +7 


FIGURE 20.R.5 Image of upper half-plane in Problem 17 


(a) Find the solution u(x, y) of the Dirichlet problem in the 
upper half-plane y = 0 that satisfies the boundary condi- 
tion u(x, 0) = sin x. [Hint: See Problem 6 in Exercises 
20.5.] 

(b) Find the solution u(x, y) of the Dirichlet problem in the 
unit disk |z| = | that satisfies the boundary condition 
u(e!’) = sin 6. 

Explain why the streamlines in Figure 20.6.5 may also be in- 

terpreted as the equipotential lines of the potential @ that satis- 

fies h(x, 0) = 0 for —co < x < oo and A(x, 77) = 1 for x < 0. 

Verify that the boundary of the region R defined by y* = 4(1 — x) 

is a streamline for the fluid flow with complex potential 

G(z) = i(z'? — 1). Sketch the streamlines of the flow. 
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Derivative and Integral 


Appendix I 
He Formulas 


Differentiation Rules 


d d 
1. Constant: —c = 0 2. Constant Multiple: — cf(x) = cf"(x) 
dx dx 


Oe 


d d 
. Sum: panics) + g9(x)] =f’) + g(x) 4. Product: Ge fxdg(x) = fodg'x) + gf’ 


} d fix) _— gx)f'(x) — fig’) _ 4d ; : 
5. Quotient: ase). le@r 6. Chain: rms (gx) = f'(s@™)s'@® 
7. Power: ca = nx"! 8. Power: cd [g(x)]" = nl g@)]""'g’@) 
dx dx 


Derivatives of Functions 


Trigonometric: 
9, —sinx = cosx 10. —cosx = —sinx 11. —tanx = sec’? x 
dx dx dx 
d 3 d d 
12. —cotx = —csc* x 13. —sec x = sec x tanx 14. — csc x = —csc xcot x 
d. dx dx 
Inverse trigonometric: 
15 il : 16 d a : 17 tan! : 
< sin = , cos : an x = 
d. 2 1 — x? dx is V1- x2 dx : 1+ x? 
d 1 d 1 d 1 
18. —cot~ 'x 5 19. sec !x = 20. csc xy = —————— 
dx 1+x dx jxiVx? — 1 dx Ix] x2 — 1 
Hyperbolic: 
d . d : d 2 
21. —sinhx = coshx 22. —coshx = sinhx 23. —tanh x = sech*x 
d. dx dx 
d 
24. —cothx = —csch?x 25. —sechx = —sechxtanhx 26. a on = —csch x coth x 
Ix 
Inverse hyperbolic: 
d 1 d 1 d 1 
27. — sinh !x = 28. cosh>!x = ————__- 29. — tanh 'x = Sixt <1 
dx ' Ve+1 dx * Vx2- 1 dx * 1 — x? bl 


d 1 d 
30. th x= sp >>1 31. — sech™! 32. hx. = 
re coth “x i-2 Lx] a sech “x Aas cs csch “x aye a 


APP-2 


Exponential: 


d a x d x — x, 
33. a =e 34. ck b* = b*(In b) 
Logarithmic: 

d 1 d 1 
35. —1 =— 36. 1 = 

aes dx ©'* ~ xin b) 


Of an integral: 
d x d b b 3 
37. — Bo) dt = g(x) 38. —] g(x, ft) dt = | — g(x, dt 
dx J, ), OX 


Integration Formulas 


n+l 1 
1. |u"du =——— + Cn ¥-1 2. |—du = Inju| + C 3. fe"du=e"+C 
n+1 u 
1 
4. |b"du = a + C 5. |sinudu = —cosu+C 6. |cosudu = sinu+C 
n 
7. |sec-udu = tanu + C 8. [esc*udu = -cotut+C 9, [sec utan udu = secu + C 
10. | csc ucotudu = —cscu + C 11. [an udu = —In|cos u| + C 12. foot udu = In|sin ul + C 
13. | sec udu = In|jsecu + tanu| + C 14. [ese udu = Injcsc u — cotu| + C 15. [usin udu = sinu — ucosu + C 
16. | ucosudu = cosu + usinu + C 17. [sina = 5u — 4sin2u + C 18. [eos udu = su + qsin2u + C 
i —b i + b i —b i +b 
19. | sin au sinbudu = me lb - ani Me +C 20. [co au cosbudu = amt Me + ame i + C 
2(a — b) 2(a + b) 2(a — b) 2(a + b) 


au au 


e“sin budu = 3 (a sin bu — bcos bu) + C 22. | ecos budu = 


aeEe 3 (acos bu + bsin bu) + C 


a+b 
cosh udu = sinhu + C 
esch?udu = —cothu + C 


25. | sech?udu = tanhu + C 26. 


tanh udu = In(cosh u) + C 28. | coth udu = Injsinh u| + C 


29. 


31. 


je sin + 32. 
5 a 


= du = In|u + Vas + wl +c 
ES 


Va a ee 3Ve + u? +X nlu + V a2 $v | #C 


33. Va? = wdu = 5 amet sin eC 34, 


35. 


Inudu=ulnu-ut+C 30. ene Wee +C 


_ 1 _,u 
fa’ 36. tan? = + ¢ 
a a 


atu 


37. 


; 


a 2 
+ C 38. ected td: Vie ee 


= du = In|u + ue — a’ 


u— a 
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Appendix II 


APP-4 


Gamma Function 


| The Gamma Function Euler’s integral definition of the gamma function“ is 


lays | plete (1) 
0 


Convergence of the integral requires that x — 1 > —1, or x > 0. The recurrence relation 
T@ + 1) = xT) (2) 
that we saw in Section 5.3 can be obtained from (1) by employing integration by parts. Now 


when x = 1, 


foe) 


Td) = | e ‘dt = 1, 
0 
and thus (2) gives TQ) = 17d) = 1 
TG) = 272) = 2-1 


T(4) = 30@) = 3-2-1, 
and so on. In this manner it is seen that when 7 is a positive integer, 
Tat+1)=n!. 


For this reason the gamma function is often called the generalized factorial function. 

Although the integral form (1) does not converge for x < 0, it can be shown by means of 
alternative definitions that the gamma function is defined for all real and complex numbers except 
x= -n,n=0,1,2,.... As a consequence, (2) is actually valid for x # —n. Considered as 
a function of a real variable x, the graph of I(x) is as given in FIGURE A.1. Observe that the 
nonpositive integers correspond to the vertical asymptotes of the graph. 

In Problems 31 and 32 in Exercises 5.3, we utilized the fact that TG) = V7. This result can 
be derived from (1) by setting x = 5: 


TQ = | pe ae (3) 


0 
By letting t = uv’, we can write (3) as 


foe) 


r@ =2 | edu. 


0 


*This function was first defined by Leonhard Euler in his text Institutiones Calculi Integralis published in 1768. 


oe) | co : 90 foo “ : 7 
and so (TO? = (2 eau) (2| e” wv) = | | e © +”) du dv. if \ 
0 0 0 Jo 


Switching to polar coordinates u = rcos 0, v = rsin 0 enables us to evaluate the double integral: 
co foo 1/2 poo ao 
| | e“*Y) dudv = | | e "rdrd0 = w. ae 

0 Jo 0 Jo 


nt 
Hence, (TO? =7 ~~ or TQ) =v. (4) ( 


In view of (2) and (4) we can find additional values of the gamma function. For example, when FIGURE A.1. Graph of gamma function 
x = —3, it follows from (2) that '(5) = —3I°(— 3). Therefore, '(— +) = —21'(5) = —2V x. 
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1. Evaluate the following. 
(a) I'S) (b) T(7) 
() T(-3 (d) T(-3 


ee) 


2. Use (1) and the fact that rg) = 0.92 to evaluate | xe dx. [Hint: Let t = x°.] 
0 


3. Use (1) and the fact that I°( 3) = 0.89 to evaluate | xte-™ dx. 
0 


1 3 
1 S 
4. Evaluate | v(m +) dx. [Hint: Let t = —In x.] 


0 


1 


5. Use the fact that C(x) > | t*'e~ dt to show that I'(x) is unbounded as x > 0°. 
0 


6. Use (1) to derive (2) for x > 0. 
7. A definition of the gamma function due to Carl Friedrich Gauss that is valid for all real 
numbers, except x = 0, x 1,x 2, ..., 18 given by 


n! n* 


Tq) = lim . 
noo X(x + 1)(x + 2)-+- (x + n) 


Use this definition to show that [ix + 1) = xI(a). 


APPENDIX II Gamma Function APP-5 


Appendix III Table of Laplace Transforms 


fO L{f(O} = Fis) 
1 
1. 1 = 
KY 
1 
2. t ons 
e) 
n} oe 
3. ¢” sai 1 positive integer 
Ss 
4, p71? rT 
Ss 
5, 2 Vir 
, 25°? 
Tia +1 
6 t® ner a 1 
k 
7. sinkt 
= P+R 
Ss 
8. kt 
e 2 +R 
2k? 
s(s~ + 4k“) 
2 + 2k? 
10. cos*kt es 
s(s~ + 4k*) 
1 
11. & 
s—a 
k 
12. sinhkt 5 
So =k 
Ss 
13. h kt 
cos Z-# 
2k? 
14. sinh7kt aE Te 
s(s~ — 4k) 


APP-6 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


cosh*kt 


e"t 


et 

e“ sin kt 

e” cos kt 

e” sinh kt 

e” cosh kt 

tsin kt 

tcos kt 

sinkt + ktcos kt 
sinkt — ktcos kt 


t sinh kt 


tcosh kt 


et! - et 
a-—b 
a et _ b elt 


a-—b 


1 — coskt 


kt — sinkt 


asin bt — b sin at 


cosat — cosbt 


sin kt sinh kt 


sin kt cosh kt 


cos kt sinh kt 


sin kt cosh kt + cos kt sinh kt 


s? — 2k? 

s(s? — 4k?) 
1 

(¢ = a)? 
n! 

(s — ay? 

k 
(s — a’ + k? 


n a positive integer 


s-—a 
(s-—aY +k? 
k 
s-—a 
2ks 
fuk 
2ks? 
2k3 
2ks 
er +tk 
1 
(s — ays — b) 
Ss 
(s — a)(s — b) 
2 
s(s* + k?) 
kB 
ab(a? — b?) 
(s? + a?\(s* + b?) 
s(b? — a’) 
(s? + a’\(s* + b?) 
2k’s 
si + 4k 
k(s? + 2k?) 
st + 4k4 
k(s? — 2k?) 
2ks* 
st + Akt 


APPENDIX III Table of Laplace Transforms 


APP-7 


APP-8 


38. sin kt cosh kt — cos kt sinh kt 


st + 4k 
Pe 
39. cos kt cosh kt ji 
s* + 4k 
2k? 
40. sinh kt — sin kt 5 ; 
so =K 
2k? 
41. cosh kt — cos kt : . i 
s' ok 
42. J)(kt) ! 
— V3 +k 
et _ et! s—-a 
43. 1 
t ne —b 
Pv 2(1 — cosat) = x oe 
t S 
45. 2(1 — cosh af) In x a 
L iS 
inat 
46. = arctan (2) 
t S 
sin at cos bt 1 at+b 1 a- 
47, ————_ arctan + —arctan 
t 2 Ss 2 Ss 
-aVs 
48, =e" << 
Vat Vs 
a ; 
49, ———e-@""" ens 
Wat 
50. erf ( c ) em 
. erfc| ——- 
2V1t Ss 
-aVs 
t : a e 
51. 2,/ —e-*/" — a erfe (=) 
7 . 4 2V1t Vs 
52. eel” erf (ovi ee ) ae 
- eve’ erfe —— —————— 
2Vt Vs(Vs + b) 
2 be-Vs 
53. —ee?erf (ovi 4+ =) + erf (5<,) a 
sel wi} \OV (Vs + B) 
54. e“f(t) F(s — a) 
55. W(t — a) = 
56. f(t — a)U(t — a) e “F(s) 
57. g(t)U(t — a) e “L{9(t + a)} 
58. fC) fH) 9 YO) == FO) 
59. t"f(t) (a1) rs) 
ds 
t 
60. | reece — 7) dt F(s)G(s) 
0 
61. dt) 1 
62. O(t = a) ee 
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Appendix IV 


Conformal Mappings 


Elementary Mappings 


E-1 


E-2 


E-3 


y 


APP-9 


APP-10 


y v 
B E 
=sinz B’ A|D’ 1B 
A——D ae > 
4 = z=sin! G Silil F 
Cc F 
y v 
7 r 5u| 
B 
Ss: : _ 
Cc 
B’ 
y 3 
Ti 
Cc 


w = log, |zl + i Arg z 
a>1l 


x —— 


Mappings to Half-Planes 


H-1 


y v 
B 
wath 
C A o 2 
1 
-1 1 
D D’A’| B’ 
y is 
Cc ai|B A 
widthh=a  w=er4 ‘ 
x a____,_||_,_ 
D E F A B’'C|D'E F’ 
y v 
ax w=5¢+2) 
Xx a 
A -l 1 (e; MM <2 Ba eG 


APPENDIX IV Conformal Mappings 


H-5 y v 
B 
1+z)* 
W=\I-z =i 1 
- Vea x ( ) tt 
D 1 A BR Ct p 
H-6 y y 
G 
B D _ eM 4 eth 
W= eM _ e-H/z 
-1 il 
x u 
A E & BCD Ff 


Mappings to Circular Regions 


C-1 y 
A ae 
B W=i2-1 
u 
il 72) a 
qa Bete VO? DE =) i be -1-V (2-1)? =) 
- b+e OT c-b 
C-2 ¥ Vv 
A B’ 


qaitbe+VI- bd) = l= be + VU- B10) 
c-b 


c+b "0 = 
C-3 y v 
A 
yaa 
w=er 
x i 
* , , , , u 
Cc Bo AWC D 


APPENDIX IV Conformal Mappings 


APP-11 


APP-12 


v 


3.4 
+ z+2izt+] 
Wet ical 


B’ 


Miscellaneous Mappings 


M-1 y if 
Br Ti 
u 
aa 
Vv 
M-2 
7 ai 
x —— EEE 
AB Cc D Cc a 
= & 


w= [(z-1)! + cosh"! z] 


v 


x 


|’ 
x u 
A B 


| we a(z2-1)"/2 
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M-5 y ” 


| +. u 
A B CID E Db E’ 
= C1 
w=20+ Ln(=) 
C= (z+ 112 
M-6 y 


w=i La(*#) +Ln(}*$) 


1-¢ 
c(i)" 


M-7 ¥ : 
A TAs 
71 
=jl 1 - 
ESS x Es , 
A BCIDE F ri E’ F 
w=z+Lnz+l 


y=u A 
‘ FIGH . 
: Al 
wat! Cc B 
e—1 
y=-i H D' 
M-9 y . 
G’ Ti F’ 
nif2} 
D é 
A B CDE FG A B 
w=mi-3[Ln(z +1) + Ln(z-1)] 
y v 
M-10 AE) 
v= a/(1—-—a) 
ae a 
B i 
—_— 
— A Boe 
C w= (1-5 
0<a<l 
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Answers to Selected 


Odd-Numbered Problems 


Exercises 1.1, Page 11 


. linear, second order 

. linear, fourth order 

. nonlinear, second order 

. linear, third order 

. linear in x but nonlinear in y 

. domain of function is [—2, oo); largest in- 


terval of definition for solution is (—2, 00). 


. domain of function is the set of real num- 


bers except x = 2 and x = —2; largest 
intervals of definition for solution are 
(—oo, —2) (—2, 2) or (2, 00). 


— 1 
= < 7 defined on (—oo, In 2) or on 
gta 
(In 2, oo) 
m=-—2 
m=2,m=3 


_y= 
. no constant solutions 


Exercises 1.2, Page 17 


. y=Se 
. y=0,y= xe 
. half-planes defined by either y > 0 or 


. y= 1/0 — 4e%) 
. y = WG? — 1); (1, 00) 
. y = LG? + 1); (—00, 00) 


x= —cost+ 8sint 


x = cost +! sine 


=. Bix i =x 
yruze ~ 7é 
=*=1 


y<0 


. half-planes defined by either x > 0 or 


x<0 


. the regions defined by y > 2, y < —2, or 


—2<y<2 


23. any region not containing (0, 0) 
25. yes 
27. no 
29. (a) y=cx 
(b) any rectangular region not touching 
the y-axis 
(c) No, the function is not differentiable 
atx = 0. 
31. (b) y = 1/1 — x) on (—ow, 1); 
y= —-I/(« + 1) on(—1, 0) 
39. y = —sin 3x 
41. y=0 
43. no solution 
Exercises 1.3, Page 25 
dP dP 
1.9—=kP+r; —=kP-r 
dt dt 
dP 3 
3. — = k,P — k,P 
dt 
7. & = kx(1000 — x) 
= = - 
dt 
9 aa ea eee A(O) = 50 
dt 100 ; 
dA 7 
11. A=6 
dt 600- tf 
h 
2 Sy, 
dt 450 
di : 
15.5 L— + Ri = E(t) 
dt 
dv 7 
17. m— = mg — kv 
dt 
d*x 
19. m—> = — 
dt 
i ey Le +R 
.m Ht vn mg 


> 
= 
= 
rr 
=) 
” 
= 
i=) 
” 
rr 
= 
rr 
o 
— 
rr 
= 
=) 
i) 
rm 
= 
c 
= 
ow 
rr 
=) 
rr 
— | 
on © | 
=) 
i=) 
sy) 
= 
rr 
= 
2 
‘z) 
— 
> 
on © | 
= 
rr 
=) 
NO 


d’r — gR° dA 
23. —+-.—-=0 25. — =k(M — A),k>0 
| nn a dt ( ) 
dx a =. Vere ye 
27. —+kx=r,k>0 29. = 
dt dx y 
Chapter 1 in Review, Page 30 
dy 
1 = 3 yy’ +ky =0 
ae y » 
5. y” —2y'’+y= 7. (a), (d) 
9. (b) 11. (b) 
13. y = c, and y = ce", c, and cy constants 
5. y=rt+y 


17. (a) The domain is the set of all real numbers. 
(b) either (—oo, 0) or (0, 00) 


19. For x) = —1, the interval is (—oo, 0), and for x) = 2, 
the interval is (0, 00). 
2 
—x", x <0 
21. (c = 23. (—©o, 00 
(c) y La ee) { ) 
25. (0, 00) 35. y=e %— eX + 4x 


41. Yo = =3594 =0 


2 
43. x—> + (=) + 32x = 160 
dt 


Exercises 2.1, Page 40 


21. 0 is asymptotically stable (attractor); 3 is unstable 
(repeller). 

23. 2 is semi-stable. 

25. —2 is unstable (repeller); 0 is semi-stable; 2 is 
asymptotically stable (attractor). 

27. —1 is asymptotically stable (attractor); 0 is unstable 


(repeller). 
39. 0 < Py < h/k M1. Vimg/k 
Exercises 2.2, Page 48 
1. y= —fcosSx+ce 3 y=3e *+e 
5. y=cx' 7. —3e°% = 2e* +¢ 


9. 4x Inx — 5° = hy’ + 2y+ Inlyl+c 
11. 4cos y = 2x + sin2x +c 

12. (+1)? +241) 1=c 

ce’ 


1+ ce! 


15. S = ce 7. P= 


19. (y + 3Pe" =c(x + 4” 
21. y = sin(3x + c) 
etl) 


23. x = tan(4t — 3a) 


2. y= 
2 x 


27. y=tr+iV3vVi — x? 
29. y(x) = el @ 
31. y = —Vx2 +x — 1, (—c0,-!-¥8 
33. y = —In(2 — e*), (—o~, In 2) 
ee oe 


35. =2y=—-2y=2 : 
(a) y y y 3 4 ef! 


Answers to Selected Odd-Numbered Problems 


39. y=1 M. y=1 + 7p tan (7px) 


45. (a) y= —Vx?2 +x-—1 (© (-w, -} - 1V5) 


53. y(x) = (4h/L?)x* + a 


Exercises 2.3, Page 57 
1. y = ce™, (—00, 00) 3. y= ze" + ce, (—00,00) 
5. y=t+ce*,(-co,0) 2. y=x'Inxt+cx,@,00) 
9. y=cx — x cos x, (0, co) 

1. y = 7 — bx + cx +, (0,00) 

13. y = 5x 7e* + cx *e™, (0, 00) 

15. x = 2y° + cy’, (0, 00) 

17. y =sinx + ccos x, (—7/2, 7/2) 

19. (x + De*ty =x +c, (—1, 00) 

21. (sec 0 + tan #)r = 0 — cos 0 + c, (—77/2, 77/2) 

23. y=e * + cx 'e*, (0, 00) 

2. y=x le +(2—e)x |, (0,00) 

E 


E 
7. i=—+(i, — — le **, (-00, 00 
R (i =) ( ) 


29. (x + Ly =xInx — x + 21, (0, 00) 
31. y = (2Vx + e? — 2)e-?¥*, (0, 00) 
gy 

xe° — lhe“, x >3 
25 ea 30 0=*<<1 

Getse*, x=Zl 

2x — 1 + 4e>**, O0<=x<=1 

_ ome +(1+4e%)x?, x>1 
39. y = e* 1 + 1V/ze*(erf(x) — erf(1)) 


MM y=el + | e°dt 
0 


43. y = 10x *[Si(x) — Si(1)] 
§3. E(t) = Eye“ 9/RC 


Exercises 2.4, Page 64 
1xe—xtayt+Ty=c 3 34+ 4xy-2yt=c 
5. ry’ —3x+4y=c 7. not exact 


9. xy +ycosx—3x=c 11. not exact 
13. xy — 2xe' + 2e°-— 28 =c 15. xy? — tan”! 3x =c 
17. —In|lcosx| + cosxsiny =c 
19. “y—-SPhP-ty+y=c 
21. ae t+ xy t+ xy —y=F 
23. 4tv+?—5t+3y—-—y=8 
25. y’sinx —xy—-x+ylIny—y=0 
27. k= 10 29. x’y’> cosx =c 
31. ry t+xr=c 3. 3xryt+y=c 
35. —2ye*+ We + x=c 37. (x? + 4) = 20 
39. (c) y(x) = —x? — Vat — x3 + 4, 
y(x) = —x?2 + Vat 33 44 


45. (a) v(x) = 8 . = “; (b) 12.7 ft/s 


Exercises 2.5, Page 68 
1. y+ xInixl = cx 
3. (x — y) Ink - yl=y+cx— y) 
5. x + yInkl = cy 
7. InG@? + y’?) + 2 tan! (y/x) = 
9 


. 4x = ynlyl — 11. y? + 3x3 Inixl = 8x? 
13. Inlxi =e — 1 15. y=1l+cx? 
17. ye =xt+3 + ce™ 19. e =ct 


21. y = —2y"! + ex 

23. y= —x — 1+ tan(x + c) 

25. 2y — 2x + sin2(x+ y)=c 

27. 4(y — 2x + 3) =(«@ +c) 

29. —cot(x + y) + cesc(x+y)=xt+ V2-1 
35. (b) y= — + oa ae ie 


37. P= ——* 
, b + ¢ ye a 
Exercises 2.6, Page 73 


1. yy = 2.9800, yy = 3.1151 
3. Vig = 2.5937, Yoo = 2.6533; y = &* 
5. ys = 0.4198, vio = 0.4124 
7. ys = 0.5639, vio = 0.5565 
9. ys = 1.2194, v1) = 1.2696 
13. Euler: yjo = 3.8191, yoo = 5.9363 
RK4: yy = 42.9931, yoy = 84.0132 


Exercises 2.7, Page 79 

1. 7.9 years; 10 years 

3. 760; approximately 11 persons/yr 

5. llh 7. 136.5h 

9. [(15) = 0.00098/, or approximately 0.1% of Ip 
11. 15,963 years 

13. T(1) = 36.76°F; approximately 3.06 min 

15. approximately 82.1 s; approximately 145.7 s 
17. 390°F 

21. A(t) = 200 — 170e°"*° 
23. A(t) = 1000 — 1000e“!°° 

25. A(t) = 1000 — 10r — 75(100 — #)*; 100 min 
27. 64.38 Ib 

29. i(t) = 2 — 3e7'; i 2 as t—00 

31. g(t) = To — Toe 3 H(t) = 2 

; 60 — 60e~/°, 0<r<20 
i ae ae — De", +> 20 


19. approximately 1.6h 


mg mg —kt/m 
35. (a) v(t) = a + (6 = mt). a 


(b) ¥() > 7 as t+ 00 


(c) 


mg m ME\ _ pm Mm mg 
s(t) = By, - i). My + B(ny AE) +5 


39. 


41. 
43. 


45. 


49. 


_ ps(k 
(a) v(t) = pe (A +7, 


4k |) k 
—tt+1ro 

(b) 333 min 
(a) P(t) = Pye 
(a) As t—- oo, x(t) > r/k. 
(b) x(t) = rk — G/kje™; (In 2)/k 
(a) t, = 50s (b) 70 m/s 

dv if 

12 —-+—v=-9, 

(c) 50m (e) Ai 50” 9.8 
(a) v(0) =5m°*, v(t) = 0.8 + 4.2e ©”, approximately 


0.117% 

(b) in approximately 11.757 min or at approximately 
9:12 A.M. 

(c) approximately 829.114 m?/min 


Exercises 2.8, Page 88 
1. (a) N = 2000 
2000e’ 
b) MA) = ———,; N(10) = 1834 
Cy) 1999 + e' oO) 
3. 1,000,000; 52.9 mo 
A(Py — 1) — (Fy — 4e™* 
5. (by Pa) = y= ae 


15. 


17. 


. (a 


(Py = 1) = = Ae 
(c) For 0 < Py < 1, time of extinction is 
4(Py — 1) 
n : 
PR 4 


—41 


. PO = : + “Baal V3, + wn (% - *)| 


2 


time of extinction is 


— ] tan” mE + tan (2 *)| 


. P(t) = e/’e~ ©", where c = (a/b) — In Py 
11. 


29.3 g; X > 60 as t— 00; 0 g of A and 30 g of B 
4A, \* 
A(t) = (vi 7 1) : Tis [0, VHA,,/4A,] 


(b) 576 V/10 s or 30.36 min 
(a 
(b 


~a 


a 


approximately 858.65 s or 14.31 min 
243 s or 4.05 min 


| mg | kg 
v(t) = "tanh ( apt + «) 
=f k 
where c,; = tanh —VW 
mg 


i“ 
(b) k 


m | kg 
(c) sH= ra cosh( ae + a) + Cy 


where c, = —(m/k)In (cosh c,) 


~~ lS 


(a 
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19. 


21. 


23. 


25. 


dv 


(a) ma, m8 — kv? — pV, where p is the weight 


density of water 


| mg — pV (“Sen ) 
(b) v(t) = tanh ttc, 
k m 
© | mg ; pV 


(a) W=Oand W=2 
(b) W(x) = 2 sech?(x — ¢,) 
(c) W(x) = 2 sech’x 


x(t) = V20,t = 


i O<t 
OO \va- VIR, be 


Exercises 2.9, Page 97 


1. 


15. 


17. 


. (a) 


x(0) = xe" 


XoAj 
) = ——— 
yt) w= i 


(e _ e *) 


Az —\yt A, 


t) = Xo( 1 — + ~ Ast 
a a Bae =e ) 


. 5, 20, 147 days. The time when y(f) and z(t) are the 


same makes sense because most of A and half of B are 
gone, so half of C should have been formed. 


. (a) P(t) = Pye stot 


(b) approximately 1.25 < 10° years 


Xa 
AA= PI 1 — en Outro 
(c) A) ar oL e ] 


Xr 
C(t) = eerie rea. = eat ot] 
A Cc 


aX 
(d) 10.5% of Po, 89.5% of Po 
dx, 
dt 
dx, 
dt 


7 2 1 
6 — 35x, + 59% 


eee, 
= 75 X1 ~ 35 %2 


dx, X Xe 

= 3 —2 
dt 100 — t 100 +t 
dx, x; Xp 


2 = 
dt 100+? 100-1 
(b) x,(t) + x,(t) = 150; x,(30) ~ 47.4 Ib 


di 
Ly + (R, + Rp)ip + Riis = E(t) 
di; : : 
ey + Ryir + (R, + R3)iz = EC 
i(0) = ip, s(0) = n — ig, r(O) = 0; because the population 
is assumed to be constant 


L, 


Chapter 2 in Review, Page 99 


1. 


3. 


—A/k, a repeller for k > 0, an attractor for k < 0 


WY 26, iG ay 
qo ORD 


Answers to Selected Odd-Numbered Problems 


. P(t) = 450e7 24204 
a a y = 


. semi-stable for n even and unstable for n odd; semi- 


stable for n even and asymptotically stable for n odd 


, 2x + sin 2x = 2InG’* + 1) +e 
. (xt ly = -38+¢ 

. O=ct!+ xet*(-14+5Ind 
-y=ate@t+4y 


x 


LS eo 2sinx ae jertoms| te25i"' dt 


0 


3 1f* 
.y=S5t5| retat 
2 ge al 


_ ve + 5e*, Osx< 1 
ad 6e*, x=1 


. y = csc x, (7, 277) 

 (b) y = 4x + 2V yy — x9), [ty — 2V Yo, 00) 
. P(45) = 8.99 billion 

. (b) approximately 3257 Bc 


10 + V100 — y? 
= 101n( rr *) - vi0o = 
(a) BT, + T) BT, + T> 
EM a et eB 
nae BT, +T, T- To sua+oy 
1+B 1+B 


k, 1/Ck, 
.Q=ECt —E 
q 0 (qo 0(z + =) 


. AQ = (V2 — 0.000001637)” 
. no 


ak,t 


ace ki t\ko/k, 
. x(t) = S(t) = (1 + cyettye/k 
(t) 1+ cet y(t) aX 1 ) 


—0.02948r 
? 


166 


. x= —-y+1t+oe” 
. (a) k = 0.083 seems to work well; 


k = 0.1063 and k = 0.0823 


Exercises 3.1, Page 116 


25. 


~y=te-—se™ 3. y = 3x — 4xInx 
, (=00; 2) 

e ee _ sinhx 
a Sg ee ad 
. (a) y=e'cosx — e'sinx 


(b) no solution 
(ec) y=ecosx +e *e" sinx 
(d) y = c,e* sin x, where c, is arbitrary 


. dependent 17. dependent 
. dependent 21. independent 
. The functions satisfy the DE and are linearly inde- 


pendent on the interval since W(e**, e*") = Te’ # 0; 
y=cye* + ce™. 

The functions satisfy the DE and are linearly inde- 
pendent on the interval since W(e* cos 2x, e* sin 2x) = 
2e* # 0; y = cye* cos 2x + coe" sin 2x. 


27. The functions satisfy the DE and are linearly inde- 17. y = ce" cos 2x + cre" sin 2x + Zxe* sin 2x 
pendent on the interval since W(x, x*) = x° # 0; 19 
y = cy? + cnx’. 


— + cos x + 3 sin 2x — 3 cos 2x 


x 


. y=cye * + Coxe 


: : : . 21. y=c, t+ ox + cye™ — $x" — FH cosx + y sinx 
29. The functions satisfy the DE and are linearly inde- y . : a sh 


= = ye Be 2 
pendent on the interval since W(x, x *, x 7 In x) = By ee + ol Pig Ae 8are 
9x76 # Os y = yx + cox? + Cx? Inx. 25. y =c,cosx + c,sinx + cyxcos x + c4xsin x 

2 
35. (b) y, =x + 3x + 3c y, = —2x7 — 6x — 3e™ +x — 2x — 3 
27. y = V2sin 2x — } 
Exercises 3.2, Page 119 
i a ig ‘ od 29. y = —200 + 200e* — 3x” + 30x 
yee 2a a 31. y= —10e-** cos x + 9e™™ sin x + Te 
5. y) = sinhx 7. yo = xe F 
9. yy =x*InIxl 11. y= 1 33. x= 5 5 sin wt — 5” 1 cos wt 
13. y) = x cos (In x) 15. y= xrtxt+2 . - 
a ie 1 is ae aay 35. y = 11 — lle* + 9xe* + 2x — 12x%e* + Se™ 
=e, =—s . =e, = se , 
ie ca . = — 2 37. y = 6cosx — 6(cot 1) sinx + x’ — 1 
e 
21. y. = | —dt, x) > 0 —4 sin V3x 
ky = 39. y= — + 2x 
sin V3 + V3 cos V3 
Exercises 3.3, Page 125 my = £9 2x + 2sin2x+}sinx, OSx=a/2 
1 yse toe 3 y= ce" + ce ™ ae 2 cos 2x + 2 sin 2x, x > 1/2 


4x x/4 


5. y=cje + coxe” 7. y=cye™? + ce™ 


Exercises 3.5, Page 140 
1. y=c,cosx +c, sinx + xsinx + cos x InIcos x| 


9. y= c, cos 3x + Cc) sin 3x 

11. y = e*(c, cos x + cy sin x) 

13. y = e *F(c, cos ¢V2x + c, sin}V2x) 
15. y=c, + ce * + ce” 


3. y =c, cosx + cy sinx —; xcosx 

5. y =c, cosx + cy sinx + + — § cos 2x 
1. y=ce+ce*%+4xsinhx 

9 y=ce * + ce* — jxe*(1 + 3x) 

1. y=ce*+oe"%+(e*+e*) In(l+e) 
13. y=ce"+oe*—e sine 

158. y=cye' + ote! + 5Pe int —-Pe™ 


17. y =cye* + coe* + cyxe™ 

19. u=cye' +e ‘(c, cost +c; sinf) 

2. y=ce*+eoxe* + 0,7e* 

23. y =c, + cox + e *7(c; cos 4V3x + cy sin 5V3x) 

25. y = c, cos5V3x + c, sinyV3x + cx cos 4V3x 
+ cx sin }V3x 

27. u=cye’ + core’ + xe" + care" + Cse7 

29. y=2cos4x—fsin4dx 3. y=—te 94 jee YD 


t 


17. y = ce" sin x + cye* cos x + Fxe* sin x 
ee + $e* cos x InIcos x! 
1. j=pe te eee Sake 


cab me 1 Ps 
21. y=¢e 4 Be — le ee 


3. y=0 3. y= zx — xe + xe ™ : 
y 3 ‘ Y 36 ~ 36 23. y = c,cosx + c,sinx 
37. y = e* — xe™ 39. y=0 x x 
a y=40 - ae™ 3x (1 ao Sev, = cos. | e’sin t dt + sinx| e’cos t dt 


Xo Xo 


y = cosh V3x + <5 sinh Vax 
49. y" — Ty’ + 6y = 0 51. y” — 3y' =0 en are alee 
53. y’ + 64y = 0 55. y’ — 2y’ + 2y =0 — 7e e“Intdt + ze*| e ‘Intdt,x > 0 
57. y” _ Ty" = 0 ° ¥ 


2. y=ce* + coe 


x 
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27. y=c.x 7? cosx t+ cx? sinx + x? 

Exercises 3.4, Page 135 29. y=c, +c) cos x + c3 sinx 

1 y=ce*+oe"43 — InIcos x1 —sin x In |lsec x + tan x] 

3. y= cye™ + coxe™ + $x +3 Exercises 3.6, Page 146 

5. y=cye % + exe +x -— 4x45 L y=ex +62 

7. y = c, cos V3x + c sin V3x 3. y=c,+olnx 

+ (—4x? + 4x -— De* 5. y =c, cos(2 In x) + c, sin(2 In x) 

9. y=c, + coe" + 3x Roy = cyx2-V9 + ox @t VO 

NW. y= ce? + cyxe? + 12 + Gxre? 9. y = c, cos($ In x) + c, sin(§ In x) 

13. y = c, cos 2x + cy sin 2x — fx cos 2x 1. y=ex 2+ cox 7Inx 

15. y=c,cosx +c, sinx — 5x° cosx + 5xsinx 13. y = x /?[c, cos (V3 Inx) + cp sin (§V3 In x)] 


Answers to Selected Odd-Numbered Problems 


15. y = cx? + c, cos (V2 Inx) + c; sin (V2 In x) 11. (a) x(t) = —} cos 10f + 5 sin 10¢ 


7. yo, tox tox + cn? = 5 sin(10r — 0.927) 


199. y=c. tart+ixvinx (b) 2 ft; 2 
2. y=c.x + cx Inx + x(n x)? (c) 15 cycles 
2B. y=cx!+ex—Inx (d) 0.7218 
2. y=2-2x? 27. y = cos(In x) + 2 sin(In x) (2n + 1) 
2. y=3—Inx+!xe (e) =e + 0.0927, n = 0, 1, 2,... 
3. y =e? - x), c, any real constant (f) x(3) = —0.597 ft 
33. x*y” — xy’ -— 8y =0 35. xy" + Txy’ + 9y = 0 (g) x'(3) = —5.814 ft/s 
37. x*y” + xy’ +y =0 (h) x”"(3) = 59.702 ft/s” 
39. y = c,(x + 3)? + c(x + 3)’ (i) +8; ft/s 
Pe 2) & ae SNe) (j) 0.1451 + ~~; 0.3545 + ~~. n=0,1,2,... 
RB y=en +a 45. y=cx '+ex b+ pr 5 5 
41. y= x [c, cos(3 In x) + c, sin(3 In x)] + i + ib x (k) 0.3545 + ai n=0,1,2,... 
49. y = 2(—x)"? — 5(—x)"” In(—x), x < 0 5 
51. T(r) = 27(r + 7r3) 13. keg = 160 lb/ft; x) = 16t 
53. (a) w(r) = c, + nr + Gyr? + ant 15. kere = 30 lb/ft; x(t) = 3 sin 431 
17. Compared to a ee system with spring 
(b) w(r) = ap@ — ry constant k, the parallel-spring system is more stiff. 
: 21. (a) above (b) heading upward 
Exercises 3.7, Page 150 : 
23. (a) below (b) heading upward 
3. y = InIcos(c,; — x)I + cy ia , 3 . a . 
1 1 25. 78;78,X(z) =e ~; that is, the weight is approximately 
5. y = Gln|ex + 1] - a + © 0.14 ft below the equilibrium position. 
Cy 1 


27. (a) x(t) = $e —fe* 
(b) x(t) = —fe°% + 26 

29. (a) x(t) = e 7(—cos 4t — 5 sin 42) 
(b) x(t) = Se sin(4r + 4.249) 


1. «tor t+y =cj 9 ty -—qy=xtaQ 
11. (b) y = tan(ja — 4x) ~~ (e) (—a7/2, 37/2) 


1 
13. y= 7 V1 - cnx? + e 
1 
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15. y=ltxthrtict it pert (© 1= 12045 
2, y= 1e pe ee 95 esas 31. (a) B>3 ~=(b) B=3— — 
19, y= =V1 = x? 33, x(t) = e!2(—4 cos 47 ¢ — oq sin VAT py 
10 : 
Exercises 3.8, Page 163 + 3 (cos 31 + sin 32) 
—4t 1 
V2 35. x(t) = fe" + te” — 4 cos 4t 
ad 3. x(t) = —jcos4V6t _ 9. 1 24 9g 2s 
8 37. x(t) = —+cos 4t + fsin 4t + 5e°-~ cos 4t — 2e™”' sin 4t 
5. (a) x(a/12) = —4; x(a/8) = e x(a/6) = —4 d@2 a 
ak a / 39. (a) m— = —k(x — h) — Bor 
x(1/4) = 4; x(9m/32) = dt dt 
b) 4 ft/s; d d d’ dx 
laces ig ee a + wx = w*h(), 
(2n + 1)ar dt dt 
(c) ¢t ,n=0,1,2,... 
16 where 2A = B/m and w = k/m 
7. (a) the 20-kg mass (b) x(t) = ea cos 2t — 1% sin 2t) + % cost 
(b) the 20-kg mass; the 50-kg mass ee 
G 


(c) t=n7,n = 0, 1, 2, ...; at the equilibrium posi- 
tion; the 50-kg mass is moving upward whereas 
the 20-kg mass is moving upward when n is even 
and downward when n is odd. 


M1. x(t) = —cos 2t — 3 sin 2t + 3t sin 2r + 3tcos 2t 


oe 
43. (b) ——tsin ot 
20 


9. (a) x(t) = 3cos 2t + fsin 2¢ 49. 4.568 C; 0.0509 s 
(b) x(t) = VS in(2t + 0.588) 51. g(t) = 10 — 10e *(cos 3t + sin 3f) 
(c) x(t) = VB cos(2t — 0.983) i(t) = 60e ~* sin 31; 10.432 C 


Answers to Selected Odd-Numbered Problems 


53. g, = Ty sint + TP cost, i, = YY cost — FP sine 


57. g(t) = —xe (cos 10t + sin 10f) + 3;3.C 
36) ( E,C ) t 
. gt) =(|¢q cos 
: VLC} \/LC 


t Be 


1 E,C t 


t 
i(t) = ig cos _ do — )sin 
So Mae Ape” LP iC)” Afr 


a = yLC 


Exercises 3.9, - 173 


1. (a) yo) = Sani x — 41° + x4) 


3. (a) yx) = x? — 5Lx° + 2x4) 


i 


: — Lae = 10 + 3x" 
5. (a) y(x) = 3 re (7L*x 0 3x”) 


(ec) x ~ 0.51933, Vinax ~ 0.234799 


Wo EI P 
> cosh x 
P EI 


72. yx) = - 


. /P 
sinh, /—.x 
Wo EI “ EI EI 
+ 5 sinh 
P EI” P 
osh, /— L 
EI 


+ Wo 2 Wo El 
2P P? 
1 
—twoL, O<x<L/2 
9. ERy"@)=4* 
i he -—L), L/2SxsSL 
(b) 
+ 91x’), O=x< L/2 
a ) ney 
yee) = + 96x? — BL3x + L 
VT BEE) 
L/2S=x=L 
AlwoL* 
c L 
(©) YO) = SeaEr 
11. = nH 1, 2,3, 8 YS SiMe 
(2n — 1)? 
13. A, = ; »n=1,2,3,...; 
4L 
(2n — 1)arx 
y = cos 
2L 
5. A, =n’), n = 0,1, 2,...29,> cosne 
22 
17. fe a ee sin“ 


21. A, = n'n*,n = 1,2,3,...;y, = sinnax 
23. x = L/4,x = L/2, x = 3L/4 


nrW/T nwrXx 


n= 1,2,3,...5y, = sin — 
L 


27. w, = 


TN 9 


u,b — ua 


= b 
29. un = (44) 4 + 7 


nT . [nmx 
= i ~n = 1,2,3,...5y,(%) = sin( “2 ) 


Exercises 3.10, Page 186 


1. y,(x) = 4f,,sinh 4x — pf(ddt 

3. y,(x) = fie — De“ f(Dadt 

5. y,(x) = ZS;,sin 3(x — Af(dt 

1 y=ce* + ce™ + 4 fi sinha — Ate dt 

9 y=ce* + coxe* + fa — De “edt 

11. y = c\cos 3x + csin 3x + 3f- sin 3(x — H(t + sin t)dt 
13. y,(x) = gxe™ — qge™ + ype ™* 

15. y,(x) = 7x7e™ 


17. y,(x) = 
19. y= fe “2x Fe + xe 


7 ; 
—cosx + a — xsinx — cos x In|sin x| 


21. y = -e* + — + 4x7e™ 

23. y = —x sin x — cos x In |sin x| 

25. y = (cos 1 — 2)e* + (1 + sin 1 — cos le 
—e** sine’ 

27. y= 4x — 2x —xInx 


29. y = $x - F ox + ag — glnx 


3. 9) = 3e* + 3e* + y,), 
1 —coshx, x <0 
—1+coshx, x20 


33. y = cosx — sinx + y,(x), 


where y,(x) = { 


0, x<0 
where y,(x) = 410 — 10cosx, OS x S37 
—20cos x, x > 37 
35. y(x) = @ — Dfif(idt + xf — fat 
37. y,(x) = 7x" — 9x 
sin(x — 1) sin x 
39. y,(x) = : i + 1 
sin | sin | 


41. y,(x) = —e* cos x — e*sinx + & 
43. y,(x) = (nx)? + 5Inx 


Exercises 3.11, Page 193 
d’x 
7. de +x=0 
15. (a) x(t) =5 (c) 4V 10 = 12.65 ft/s 
17. (a) 0,(f) = 89 cos wt, a, = Vag/l 
(b) T = 7/2, = (7/2) V 1/8 
(c) 02(t) = 30 sin wt, w, = 2V g/l; the amplitude 
and period of the shorter pendulum are half that 
of the longer pendulum 


Answers to Selected Odd-Numbered Problems 
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19. 


(2) a 1 ()" 1 (2) | , 
Aah = _ — A 
- 211+r\a L=F\a 1-P 


(a) xy" =r V1 + 6'Y. When t = 0,x=a,y = 0, 
dyldx = 0 
(b) When r # 1, 


When r = 1, 
1} 1, 7 lea 
= —|— _ ae In =. 
yx) APAG #) in S| 


(c) The paths intersect when r < 1. 


Exercises 3.12, Page 201 


1. 


11. 


13. 


15. 


17. 


19. 


21. 


23. 


x=ce'+ cote 

y=(c, — ce’ + cote’ 

x=c,cost+csint+t+t+ 1 
y=c,sint—c,cost+t— 1 

x = 3¢,sint + 4c,cos t — 2c;sin V6t — 2c,cos V6t 
y=c,sint +c, cost + c3 sin Ve6t + cy cos Vor 

x = ce" + coe + cy sin 2t + cycos 2t + det 

2! — ¢, sin 2t — c4 cos 2t — ¢e! 


x=c,—c,cost+c,sint+ Be 


y = ce" + ce 


y=c,+csint+c,cost— pe* 
ee "2 cos 5 V3t + c3e7"” sin 5 V3t 
y = (-30 - a 2 cos V3t 

+ bV3c, — $¢3)e~” sin }V3t 
x=ce" + te 
y= —3ce" +c, + Se 
x=c, + ot + oe tcae'— 30 
yH=(qy —-O +2) 4+ (t+ Dtt ae’ —-5e 
x= ce’ + coe” sin 5 V3t + c3e7'” cos $V3t 
y = ce + (-3 & — 5V303) 0” sin 5V3t 


+ (AV3c. — $.¢3) 6" cos $V3t 

z= ce’ + (—$ + $V3e,) 6” sin 5V3t 
—3V3c, — 303)" cos 5V3t 

x = —6c,e' — 3c,e°* + 2c,e*" 
y=ce'+oe 7+ ce7 
z=S5ce'+ oe + ce" 
xe edt — pe 33 
y=-e 33 2te 3t+3 
mx" = 0 
my" = —mg; 
x=ctt+ cc 


y — —+ gt? + Ct + C4 


Chapter 3 in Review, Page 203 


1. 
. 3 9. (—0e, 00); (0, 00) 
11. 


y=0 3. false 5. 8 ft 
v= qe" +oe" -cae +a + ce Fens, 
y =e + ox? +.04x > In x + cyx + c5x In x 


+ cox(In xy 


Answers to Selected Odd-Numbered Problems 


y= cel V3 4 ce V3 
y =e, + ce % + cyxe* 

= zs Vi 5 WF, 
y= ce? + e 3 © cos 2x + c; sin2x) 

Vil : Wael 
y = e (ec) cos re + c; sin tx) + $x° 
222 

erty is ~ 625 
y=c + ce + ce + i sinx — tcosx + $x 
y =e (c,cosx + c) sinx) — e‘cos x InIsec x + tan xl 


pape ag UO: eal 
-yHortoe+xt—- x? iInx 


(a) y=c, cos wx + c,sinwx + Acos ax + B sin ax, 
w #a,y =C, cos wx + c, Sin wx + Ax cos wx 
+ Bx sin wx, @ = a 
(b) y=cye “+ coe + Ae, w # a, 


y=ce “+ ce + Axe”, a =a 


. (a) y=c,coshx + c, sinhx + cx cosh x + cyx sinh x 


(b) y, = Ax cosh x + Bx? sinh x 


. y=e "cosx 


. y= Be —fe*-—x-—jfsinx 
-yH=r4+4 
x= —cye! — Ze ,e%* + 3 
y =c,e' + c,e* —3 
x= ce + coe™ + te! 
y = —cye' + 3c,e% — te’ + 2e! 
14.4 Ib 47. 0<ms2 
(a) q(t) = —7a9 sin 100r + 75 sin 50t 
(b) i(t) = —} cos 100t + } cos 50t 
nr 
c) t=—,n=0,1,2,... 
(c) 50 
dx 
moa tkx=0 


y(x) = 2cosx — S5sinx + fosin(x — f)tantdt 
= 2cosx — 4sinx — cosxIn|secx + tan x| 


(a) Of) = wp VI/g sin Ve/It 


(a) x = (9 cos O)t, y = —hgt? + (vosin 6); 
g 7 sin 0 


x x 
vacos? 6 cos 0 


Exercises 4.1, Page 217 


1. 


2 ap 2 $e is ges 
a Ss s? a 
l+e™ a ee 

2 ie ae ie 
soe ik Ss RY 
Le es ‘i e! 
—-- ++-<se 
Sos s? s-1 

1 1 

; 5. — 

(s — 4) so +2s+2 
oe i 
(s? + 1 "58 
410 ay 83 
8 "ss? 5 
6 6 3 1 1 I 

+5+5+ 271. —+ 
st sg gt s s-A4 


s TS 
oS ! oo 41. e a3, L(r — 2)? U(r — 2) 


+ F 
S gs-2 s-4 s vr +9 +4 
okt — pvt 45. —sin ft U(t — 7) 
33. Use sinh kt = —=5 to show that 47. Wt— 1) — ewe - 1) 
. k 49. (c) 51. (f) 
L {sinh kt} = eae 53. (a) 
2. A), 
35. 1 Jt 37. 2 55. f(t) = 2-4 Ut — 3); L{f} =— - -e3 
a a s+ 16 2 
go, 46085 + (sin 5)s a VE 57. fi) =P UE — 1); LLfO} = 25 —— 42 
; s? + 16 ~ agi? s 7 . 
] 25 —2s 
MENG 59. f(t) =1—1U(t— 2), LLf} = - © - 2° 
455/2 RY S Ss 
—as —bs 
Exercises 4.2, Page 225 61. f() = Ut — a) — Ut — b); L{ f(D} = <_ _ ? 
1? 32 4 
1. at i - 3. t—2t : 63. ee [5 — 5e Dy U(t -1) 
2 = —, t 
ae ae og 7. t lt+e 65. y= — t+hr+te%r— 5 Ut — 1) 
9. a et 11. 3 sin 7t 1 -2(t-1 
; ee TE ae “Dat — 1) 
13. COs, 15. 2 cos 3t — 2 sin 3t 67. y = cos 2t — 1 sin 2(t — 2a) U(t — 2a) 
We ge" 19, ge ae ++ sin(t — 277) W(t — 277) 
21. 0.360" + 0.6e°° eT le ale ae a 69. y =sint + [1 — cos(t — 7)] Ut — 77) 
25. 5 — 5 cos V51 — [1 — cos(t — 27r)] U(t — 277) 
27. —4+ 3e ‘+ cost+3sint I. x(t) = 5t— & sin 4t— 3 — 5) Ut — 5) 
i ie asin bt — b sin at 5. 95 
29. 3 sint — ¢ sin 2t 31. abla — B?) + 7 sin 4(¢ — 5) Ut — 5) — F W(t — 5) 
33. y= oe . 2 es + % cos 4(t — 5) U(t — 5) 
35. y= ge" + 37. y= je '— 7e 73. q(t) = 2 W(t — 3) — 265-9) Ut — 3) 


39. y= 10 cos + 2sin V2 sin V24 
41. y=—fe 4 be 4 Fel + het 
43. y = sinht — sint 


75. (a) i(t) = qe | — areost + qr sint 
= re 100-372) OY (¢ _ 37/2) 
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45. y(t) = 32cos 2t — Ffcos 5t + ior cos (t — 32r/2) U(t — 37/2) 
47. y=4e' — fe* cos 2t + Ge” sin 2t + ior sin(t — ilies 
b) ina 0.1 at? 1.6, inj, ~ —O.1 at t~ 4.7 
Exercises 4.3, Page 234 m 5 : 
rl 6 tage eo = 
1. ——, 3 —| OY OE 12EI™ 
= 10) (peo) ” . 
* Foes = shy iG 28 
5. op t =a + = Dar ~ age 2) at) 
(s , e ) is ) 19. y(x) = WoL? 42 WoL, 
. Wx - im 
— 48EI —24EI 
(s -1P +9 
= + 4 ee ee ee ge 
i= s o s : +3 Ss : F ori 31x x? + (x — sLPU(x — §L)] 
se 25 (s — 1) + 25 (s + 4)° + 25 aT 
11. ate™ 13. e* sint 81. (a) ae = k(T — 70 — 57.5t — (230 — 57.51) Ut — 4)) 
15. e *cost—2e~sint 17. e‘'- tet 
1. pene Ae re Exercises 4.4, Page 245 
21. y=te “+ 2e% 23. y=e'+ 2te? l fe 
1, = = eee ea 
2. y=ott+H— Hert vte™ (s + 10) (s? + 4? 
27. y = —ye™ sin 2t 6s? + 2 12s — 24 
29. y=4-Se'costt se'sint " (52 — 1p " [(s — 2% + 36)? 
3. y= + lie’ +(- De” 9. y= —5e'+ 5cost— 5tcost+ 5tsint 
33. x(t) = —3e°7 cos ae 1Vi5 e 2 sin Mi, 11. y = 2cos 3t + 3 sin 3t + ¢fsin 3t 
e° om es 13. y= 4 sin 4t + gf sin 4t 
a1, = a, <- + 2° 
s Ss s —g(t— 7m) sin4(t — 7) Ut — 7) 
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24 1 


17. y=3Pt+e 0? 19 21 23 : 
. 3 i je - . g = 1 = E. 
s=—1 1 
25. 5 27. 
(s + 1I)[(s — 1° + 1] s(s — 1) 
s+1 1 
29. Wi, ae Pa i a, 31. = ee os 
s[(s + 1) + 1] s(s — 1) 
as° + 1 ; 
33) Sg aa 35. e — 1 
s(s° + 1) 
37. e' —5r-t-1 41. f(t) =sint 
43. f(t)= —ze't+ ge t+3tet+ ire! 
45. f()=e' 


47. f(t) = fe" + ge" + 4008 2t + 4sin 2t 
49. y(t) = sint — 5tsint 
51. i(t) = 100[e7 1-9 — 2“ Y] Qt — 1) 

= 100 fe PE ag a 2) 


t 
53. y(t) = | e 7 sin 3(t — t)dr 
0 
* sl + e7%) ; bse -—1 
coth (7/2) 
s+ 
1 
61. (ft) =—(—e ®t 
i(t) R (ess) 
22 n —R(t—n)/L 
+2 Cd di =< ) U(t — n) 
63. x(t) = 2(1 — e ‘cos 3t — fe ‘sin 3A) 
+4 Sep" [1 — e “"” cos 3(t — nz) 
— ze "™ sin 3(t — n)] Ut — nz) 
Exercises 4.5, Page 251 
y= er Yt — 2) 
. y= sint + sint U(t — 277) 
y= eG — m/2) + cost W(t — 32/2) 
y=4 : se + [5 — 5 et Dwr — 1) 
y= .. 27) sin t U(t — 27) 
11. y =e cos 3t + 3e ~ sin 3t 
+ 5e 7 sin 3(¢ — mr) Ut — 77) 
+ be-20-3) gin 3(¢ — 3a) U(t — 377) 


on ow = 


13, y = sine + sint )\(—1)* UG — ko) 
k=1 


w 
ep tee — 68), OS K<L/2 
15. y(x) = R 
0 1 1 
4EI 3X — q7L), L/2Sx*= L 
Exercises 4.6, Page 254 
1. x=—je "+ 3e 3. x = —cos 3t — 3sin3t 
y= fe 4+ fel y = 2 cos 3t — sin 3¢ 
5. x = —2e% + 3e%— 5 


po 8 BE WS Di DE 
= 3e 2e€ 6 


Answers to Selected Odd-Numbered Problems 


21. 


7 i= —Be 


x= —5t-¢V2sin V2t 


y= t+ 7 V2 sin V2t 
2 1 
L=85—F es P Meer tae lee 
3! 4! 
ee ee =—-3t+}e'+3te" 
y 3! Al y 373 3 


x, = 4sint + 2X8 sin Vr + 2cost — 3cos Vét 


X) = Fsint — VM sin Vor + ¢cost + §cos V6t 


- _ 100 _ 100 ,~ 
bh bse 


- _ 80 _ 80 9007 

13 = 9 ge 

(©) i, = 20 — 2007 

fe t+ Be + 1B cost t+ F i sin t 


. 30 ~- 2: =_ 2 
B= Ber 4+ Be’ — Boost t+ HH sine 


| i = $— $e cosh 50-V2t — 2¥2 e!' sinh 50-V2t 
= $— 6 


8 10 cosh 50V2t — wi, ~100r sinh 50V2t 
x(t) = (vp cos O)t, y(t) = —}gt? + (vp sin 0)t 


& 

(b) yx) ileoes 
function, for a fixed value of 0 its graph is a parabola. 

(c) Solve y(x) = 0 to find the range R. To prove the 
complementary-angle property, show that R(@) = 
R(a/2 — 0). 

(d) Solve y'(x) = 0 and find the corresponding value 
of y(x). 

(e) For 0 = 38°: range is 2728.96 ft, max. height is 
533.02 ft 
For 6 = 52°: range is 2728.96 ft, max. height is 
873.23 ft 

(f) For 6 = 38°: time to hit the ground is t ~ 11.5437, 
max. height occurs at tf ~ 5.7718 s 
For 6 = 52°: time to hit the ground is t ~ 14.7752 s. 
max. height occurs at t ~ 7.3876 s 

(g) 
800 


x? + (tan @)x is a quadratic 


1 i i i i 
500 1000 = 1500 =. 2000-2500 


Chapter 4 in Review, Page 257 


: ee 3. fal 
= fae » Lalse 
s s2 
tru 7 : 
e 
s+7 
2 4s 
Mt a we 
+4 (s? + 4) 
a 15. 3fe™ 


. & cos 2t + 3 e* sin 2t 
. cos m(t — 1) Ut — 1) + sin w(t — 1) Ut — 1) 


21. —5 23. e *-® F(s — a) 


25. f(t) W(t — to) 27. f(t — to) W(t — to) 
29. f(t) =t — (t — 1)Ut — 1) — Ut — 4); 
LUA} = - eee; 
Ss Ss S 
Lfe'f()} = a err 
G=]l° @=45 
1 —A(s-1 
ge (s-1) 


31. f() =2 + (¢ — 2)Ut — 2); 
= 2 i —2s, 
LO) =F + Ges 


t = 2 1 -2(s-1) 
HleO) gg Gate 
= e* — t 1 2ot 
33. L{ f(t} + e7) 35. y = Ste’ + 5 he 


7. y= B+ htt ge — Be — = UE 2) 
— 5 (t— 2) Ut -— 2) + fe? Wt — 2) 
=e Oe = 2) 
39. y=1ltr+32 
Mo x=—Zt+3e%4+ fe 
y=ttte"— fe 
43. i(f) = —9 + 2t+ 9e 


w 

45. y(x) = —— [1x5 + Lax — 02x34 1x? 
+ $(@ — SLUG — 5D] 

Wy sinh > 


2EI sinh 7 
Wo, cosh F 


7 4EI sinh 7 


+ YI sin(x - ZJoost( x - 7) 
~ ene Fim(e- 5) f(s 5) 


Exercises 5.1, Page 270 
1; RG) 3. R= 10, (—5, 15) 
t= oe Fee —see 


721th 4+ Axi + $284 ---, (—a/2, 7/2) 


9 Sk = 2ej-sz* 
k=3 


47. yx) = sin x sinh x 


(sin x cosh x — cos x sinh x) 


11. 2c, + S [26 + Degey + 6c)" 
k=1 


15. 5;4 
33 3° : 
17. y,(x) a1 Tae" +503.506" 
33 
toast 
2°3°5-6°8-9 
32 


7 


3 
y(x) = as + ar al + ae 


33 
tat | 
3-4-6-7-9-10 


= [ 1, 3.4 _ 21 4 
19. y\(x) = Col} rT x 4 x 61 x | 
= [ ae I 3 ae 5 5 + 45 7 foe 
ox) = oe ape eae a 
lo 4 Pe 
= _ 3 6 _ 
21. y,(x) = of} ae + 61 91 ee | 
i 2? r 52.92 : 
y(x) = eis = a le 7 x 
§7+5"-2? 10 4. | 
10! 


co] 
23. yi(x) = €93 YX) = 1 DY x" 
n=1 


25. y\(x) te oe ae | 
» yx) = ¢ ax 7x ak Ae 
J o 2 é 6 


(x) = ee Pa tte | 
Yo(x a ms a a” 
cscallen xe ec cae ORT 2 
27. y,(x) = 60) + 4% 4a + ger | 
of ls 14, 34-14 , 
ee ae =e 51% 471 x = | 
29. y(x) = —2}1 + ge Se Re at gel es 
a 2! 3! 4! 


= 8x — 2e* 
31. y(x) = 3 — 12x? + 4x4 


1s los 
33. y,(x) = cof 1 — Sx" + xe + 


6 120 
(x) = pba c+ | 
VAX) = Cy) xX i 180 ~ 


Exercises 5.2, Page 278 
1. x = 0, irregular singular point 
3. x = —3, regular singular point; x = 3, irregular singular 


point 
5. x = 0, 2i, —2i, regular singular points 
7. x = —3, 2, regular singular points 
9. x = 0, irregular singular point; x = —5, 5, 2, regular 
singular points 
x(x — 1)° 
11. for x = 1: px) = 5, q(x) = 
xt+ 1 
5(x + 1 
for x = —1: p(x) = ¢ — = qo) = 8 + 
13. ho 3%) = —1 
15. 7, =3,m=0 
2 2? 
=C hi —-=x+ 2 
= ae a 


3 
— 73 + .| 
Oe Je 5 <3! 


2 2° 3 
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14H hn%=0 Exercises 5.3, Page 290 


7 is” S152 3. y = Cy Jsp(x) + CoJ-s(x) 
7 3 ba orn 5. y = cJo(x) + coYo(x) 
1-23" 15<31 1. y = cWy(3x) + c¥2(3x) 
2 9. y = Cb 3(4x) + C)Ko/3(4x) 
+O|1-2+— x? i . 
7 9-2 "1 =cx ly ~1/2 
y= Cx lax) + Cox 1° J_4/2(ax) 
eee .| 18. y = x fed (4x?) + e¥(4x")] 
aes 15, y = xe) + ©Yi@)] 
> ee eae Ty = x!Pley(x) + e¥y2(0)] 
1 1 1 7 
= =i birt coe sce 18. y =x ea?) + col apr?) 
= ‘ ‘ ; 23. y = x! le p(x) + e121 
m tolitixt dee toes] = C, sinx + C,cosx 
(Je) 21. 7, =3,7=0 2. y= x Vey Supls x7) + Cyd 1/2 X7)] 
= o oo) 2-3, = C, x7” sing x”) + C, x77 cos x”) 
y(x) = Cy x —x + x 
(Je) 9-7 2 
rm ron 31. (b) J_an(x) = — aye + sin) 
a 3 
ie ed 
os ‘5 . ed 35. y = ex", 3Gax?”) + ex? Y, nGax); 
a B= ae 3 y= ex? 3(Gax) aa ox"? Ky 3(Gax) 
1 5 1 
= 2/3| 4 _ 2_ 340... sinx  cosx 
= y(x) C x I 2 x + 28 x 21 xt | 39. (a) JQ) = ~ x 
So a Die Pe Z e+o| . 3 1\. 3. cos x 
= 2 5 120 jAx) = fe sin. x — Z 
S 2. 7, =0,n=-1 
" 1 2 
= - 1s 6). is. 4 
oo on =i D(x) = (3 — ©) sin - (4 - “Yeos. 
mn 1 ay , (2n + oe > Feng Se - 
a 2 1 $a. Ge 2 1, 51. P,(x), P;(x), P,(x), and P;(x) are given in the text, 
a a n she in 
o Ot 2 Gas I 2% 2 On)!” P(x) = 5 (231x° — 315x4 + 105x? — 5), 
a ee P,(x) = 7; (429x7 — 693x° + 315x3 — 35x) 
oO a 53. A, = 2,A) = 12, A; = 30 
w 27.71 =1,%=0 
| * 1 942 
rm = a —-1+1-¥ 
= ey ae Dee 2 ae Chapter 5 in Review, Page 294 
n + yet axtt-] 
¢ 1. false 3. [=a2 
oS a a 2 xa - Dy’ +y' +y =0 
> yx) = Cy) + C4] coins + oo(- x+ a 9 7,=3,%=0 
an © | 
= boy yi) = Cx? [1 — gx + gp — ap +] 
=~) “ha aa | yO=C,[l-x+ Er =x +] 
o 


2 | 11. yy) = cg (1 + 527 + px + Bx +o] 
where y,(x) = ; ” 4 : : 


n=o 1! yx) =e e+ pet gx ter] 
_2 mn _ sin(Van) 13, r, = 3,7, =0 
33. (b) y(t) aoa os +4 i "Wnty Jat yx) = Cri a ix 4 ax? 4 me a eo] 
ee Wines cos(V Af) yo(x) = Cy[1 + x + 5x7] 
yO = 1 Sian aay 15, ya) = 31 - t+ 4at— had +--]-2p—t x 
s (A) 5 (“) + ge mage to] 
= ja en 

ale ic at a baa 7. §7 19. x =Oisanordinary point 


Answers to Selected Odd-Numbered Problems 


21. y(x) = a1 = ag + ag = a = | 
3 37-2! 323! 
+ as = a + rata 
a gy | + Ee ee 
4-7-10 
7 rors 7 oa ae | 
23. (a) y = C,J32(4x) + C,¥3(4x) 
(b) y = ¢,L(6x) + cK3(6x) 
29. y(x) = coy(x) + cyy2(x), where 
2 22 
7 (42 — 0222 — a)? an 
6! 
Se 2 2 yd a pee 
= es 1 = ae =“ a) 
Peis zeae ay =) 
Exercises 6.1, Page 301 
1. forh = 0.1, ys = 2.0801; for h = 0.05, yyy = 2.0592 
3. for h = 0.1, ys; = 0.5470; for h = 0.05, yyo = 0.5465 
5. forh = 0.1, ys = 0.4053; for h = 0.05, yy) = 0.4054 
7. forh = 0.1, ys; = 0.5503; for h = 0.05, yyy = 0.5495 
9. forh = 0.1, ys; = 1.3260; for h = 0.05, yyy = 1.3315 
11. forh = 0.1, y; = 3.8254; for h = 0.05, yjy = 3.8840; 
at x = 0.5 the actual value is y(0.5) = 3.9082 
13. (a) y, = 1.2 
(b) y"(c) th? = 4e 5(0.1)° = 0.02e% = 0.02e°7 
= 0.0244 
(c) Actual value is y(0.1) = 1.2214. Error is 0.0214. 
(d) Ifh = 0.05, y. = 1.21. 
(e) Error with h = 0.1 is 0.0214. Error with h = 0.05 
is 0.0114. 
15. (a) y, = 0.8 
(b) y"(c) sh? = 5e¢ 5(0.1)" = 0.025e° <= 0.025 
forO =c $0.1 
(c) Actual value is y(0.1) = 0.8234. Error is 0.0234. 
(d) If h = 0.05, y. = 0.8125. 
(e) Error with h = 0.1 is 0.0234. Error with h = 0.05 
is 0.0109. 
17. (a) Error is 19/723, 


(b) y"(c) 4h? < 19(0.1)°(1) = 0.19 
(c) Ifh = 0.1, ys = 1.8207. If h = 0.05, yy) = 1.9424. 


(d) Error with h = 0.1 is 0.2325. Error with h = 0.05 
is 0.1109. 


19. 


2 


(a) Error is 5 


(c + 1 
(b) |y"(c) $h? | = (1) (0.1)? = 0.005 
(c) Ifh=0.1, ys = 0.4198. If h = 0.05, yio = 0.4124. 


(d) Error with h = 0.1 is 0.0143. Error with h = 0.05 
is 0.0069. 


Exercises 6.2, Page 305 


1: 


15. 


17. 


19. 


ys = 3.9078; actual value is y(0.5) = 3.9082 


. ys = 2.0533 5. ys = 0.5463 
. ys = 0.4055 9. y; = 0.5493 
. Ys = 1.3333 
. (a) 35.7678 


| mg | kg 
(c) v(t) = “_ tanh a v(5) = 35.7678 


(a) h=0.1, y, = 903.0282: 
h = 0.05, yg = 1.1 X 10% 
(a) y, = 0.82341667 


5 
B 490% 


Ww (0.1) 
(5) = 2e 
(b) y°'(c) 51 40e 5 , 


5 
= 3,333 x 10° 


(c) Actual value is y(0.1) = 0.8234134413. Error is 
3.225 X 10°° < 3.333 X 10°. 


(d) If h = 0.05, y, = 0.82341363. 


(e) Error with A = 0.1 is 3.225 X 10°°. Error with 
h = 0.05 is 1.854 X 1077. 

24 =p 

! (c+ 15! 

24 =A 0.1) 

(b) saa (0-" = 2.0000 x 10° 
(c + 175! 5! 

(c) From calculation with h = 0.1, y; = 0.40546517. 
From calculation with h = 0.05, yj) = 0.40546511. 


(a) yc) : 


Exercises 6.3, Page 309 


1B 


y(x) = —x + e*; actual values are y(0.2) = 1.0214, 
y(0.4) = 1.0918, y(0.6) = 1.2221, y(0.8) = 1.4255; 
approximations are given in Example 1 


. Yq = 0.7232 
. forh = 0.2, ys = 1.5569; for h = 0.1, yyo = 1.5576 
. forh = 0.2, ys = 0.2385; for h = 0.1, yyo = 0.2384 


Exercises 6.4, Page 313 


1. 
. y, = —1.4928, y, = —1.4919 

. y, = 1.4640, y. = 1.4640 

. X, = 8.3055, y, = 3.4199; x, = 8.3055, yo = 3.4199 
. X; = —3.9123, y, = 4.2857; x» = —3.9123, yo = 4.2857 
. xX, = 0.4179, y, = —2.1824; x, = 0.4173, y, = —2.1821 


on™ ol WwW 


y(x) = —2e* + 5xe*; (0.2) = —1.4918, y, = — 1.6800 
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Exercises 6.5, Page 316 5. -9i + 6j; — 31 + 9j; — 31 — 5j; 3/10; V34 


1. y, = —5.6774, yp = —2.5807, y3 = 6.3226 7. -6i + 27j; 0; —4i + 18j; 0; 2V85 

3 y= Pee Yo = —0.3356, yz; = —0.3308, 9. (6, —14); (2, 4) 1. 10i — 12j; 121 — 173 
yg = Uz. J 

5. y, = 3.3751, y. = 3.6306, y, = 3.6448, y, = 3.2355, si Pe 2, 0) — 
ys = 2.1411 15. 2i + 5j 17. 2i + 2j 

7. y, = 3.8842, y, = 2.9640, y, = 2.2064, y, = 1.5826, y y 


ys = 1.0681, ye = 0.6430, y, = 0.2913 
9. y, = 0.2660, y> = 0.5097, y3 = 0.7357, y4 = 0.9471, 
Ys = 1.1465, yg = 1.3353, y, = 1.5149, yx = 1.6855, 


\ 
x 


Yo = 1.8474 
> 11. y, = 0.3492, y, = 0.7202, y3 = 1.1363, yy = 1.6233, 
= Ys = 2.2118, vg = 2.9386, y7 = 3.8490 19. (1, 18) 21. (a), (b), (c), (e), (f) 
W 13. (¢€) yo = —2.2755, y, = —2.0755, y. = —1.8589, 23. (6, 15) 
= y; = 1.6126, y, = —1.3275 ota — 
aL ; : 25. (a vai (—ve ya) 
” Chapter 6 in Review, Page 317 27. (0, -1): (0, 1) 29, (5, 12) 
= 1. Comparison of Numerical Methods with h = 0.1 31. = 4: — 33, (-3, 8 
Improved 
“) 35. 3b- 37. —(at+b 
rm x, Euler Euler RK4 ee ( ) 
| 
rm 1.10 2.1386 2.1549 2.1556 3b 
Co) 1.20 2.3097 2.3439 2.3454 ’ 
a 1.30 2.5136 2.5672 2.5695 . ; ‘ 
1.40 2.7504 2.8246 2.8278 M. a=ib—te a9 +Lasti 
o 1.50 3.0201 3.1157 3.1197 a? vid +i) 
oO 45. (b) approximately 31° 
o Comparison of Numerical Methods with h = 0.05 gO l 
47. F= i 
So Improved Amey L\/12 + we ‘ 
= Xy Euler Euler RK4 
= 1.10 2.1469 2.1554 2.1556 Exercises 7.2, Page 331 
1.20 2.3272 2.3450 2.3454 
w 1.30 2.5410 2.5689 2.5695 1. —5 
rm 1.40 2.7883 2.8269 2.8278 
=] 1.50 3.0690 3.1187 3.1197 
rm 
ies 3. Comparison of Numerical Methods with h = 0.1 
y 
==) Improved 
= i Euler Euler RK4 
™ 0.60 0.6000 0.6048 0.6049 
m 0.70 0.7095 0.7191 0.7194 
= 0.80 0.8283 0.8427 0.8431 7. The set {(x, y, 5)lx, y real numbers} is a plane perpen- 
WN 0.90 0.9559 0.9752 0.9757 : : ‘ 
= 1.00 1.0921 1.1163 1.1169 dicular to the z-axis, 5 units above the xy-plane. 
© . ; j 9. The set {(2, 3, z)lzareal number} is a line perpendicular 
== Comparison of Numerical Methods with h = 0.05 to the xy-plane at (2, 3, 0). 
aS Improved 11. (0, 0, 0), @, 0, 0), (2, 5, 0), (0, 5, 0), (0, 0, 8), (2, 0, 8), 
rn x, Euler Euler RK4 (2, 5, 8), (0, 5, 8) 
sae 0.60 0.6024 0.6049 0.6049 13. (—2, 5, 0), (-2, 0, 4), (0, 5, 4); (-2, 5, —2); 3, 5, 4) 
— 0.70 0.7144 0.7194 0.7194 . 
0.80 0.8356 0.8431 0.8431 15. the union of the coordinate planes 
0.90 0.9657 0.9757 0.9757 17. the point (—1, 2, —3) 
1.00 1.1044 1.1170 1.1169 ; _ 
19. the union of the planes z = —5 andz=5 
5. h ie x02) fe oe wa y(0.2) ~ 3.23 21. V70 23. 7; 5 25. right triangle 
7. 2) = 1.62, 2)= 1. ‘ 
a7) 90.2) 21. isosceles 29. d(P,, Ps) + d(P;, P;) = d(P>, P;) 
Exercises 7.1, Page 325 31. 60r —2 33. (4, 9,3 
1. Gi + 12j;i + 8]; 3i; V65; 3 35. P(—4, —11, 10) 37. (-3,-6,1) 39. (2, 1, 1) 
3. (12, 0); (4, —5); (4, 5);V41; V41 M1. (2,4, 12) 43. (-11,—41,—49) 45. 139 


Answers to Selected Odd-Numbered Problems 


47. 6 ag. (-2,4,-2) 51. 4i-4j + 4k 


Exercises 7.3, Page 336 
1. 12 3. -16 5. 48 7. 29 
9. 25 11. (-2,4,2) 13, 25V2 
15. (a) and (f), (c) and (d), (b) and (e) 
17. 3, — 4, 1) 21. 1.11 radians or 63.43° 


23. 1.89 radians or 108.43° 


25. cosa = 1/V 14, cos B = 2/V 14, cos y = 3/V 14; 
a = 74.5°, B = 57.69°, y = 36.7° 

27. cos a = 5, cos B = 0, cos y = — V3/2; a = 60°, 
B = 90°, y = 150° 

29. 0.955 radian or 54.74°; 0.616 radian or 35.26° 

31. a = 58.19°, B = 42.45°, y = 65.06° 33. 3 


35. -6V 11/11 37. 72V109/109 
38. (- 35 

41. #, , 4) 43. (Fos 

45. 1000 ft-lb 47. 0; 150 N-m 


49. approximately 1.80 angstroms 


Exercises 7.4, Page 343 

1. -5i-5j+3k 3. (12, —2, 6) 

5. —5i + 5k 7. (3, 2, 3) 9. 0 
11. 61+ 14) + 4k 13. -3i —2j — 5k 
W7Atjt+k 19. 2k 21. i+ 2j 
23. -24k 2. 5i-Sj—k 27. 0 
2. V4l 3. Fj 33.0 35. 6 
37. 12i — 9j + 18k 39. —-4i + 3j — 6k 
4M. —21i+ 16j + 22k 43. -10 
45. 14 square units 47. + square unit 
49. 3 square units 51. 10 cubic units 


53. coplanar 

55. 32; in the xy-plane, 30° from the positive x-axis in the 
direction of the negative y-axis; 16V/3i — 16j 

57. A=i-—k,B=j —k,C = 2k 


Exercises 7.5, Page 350 

1. (x,y, z) = C1, 2, 1) + £(2, 3, —3) 
. yz) =, — 2, 1) + 4-2, 3, — 9) 
. (x,y,z) = (1, 1, -1) + £45, 0, 0) 
~x=2+4t,y=3-4472=5+4 31 
. x= 1+ 2t,y= -2t,72=—-Tt 
Wex=44+10,y=i+34z=h4hs 


on ol Ww 


13. 


15. 


17. 


19. 


21. 


23. 
25. 
21. 


29. 
31. 
35. 
39. 
43. 
41. 
51. 
55. 
59. 
61. 


63. 
67. 
69. 
73. 
75. 
77. 


9 10 7 
x+7 = 5 
= =2 
1 aa 
y— 10 z+2 
x= 5, 
9 12 
x=44+3ty=6+5t472=—-7- 34 
-4 92 + 14 
2 Sy 1 SS 
4 = 
x x Z 
St, ot, 4t; 
ey eee a ae 


x=6+2t,y=4-3t,72=—-2+ 6 
x=2+t,y=—-2,z=15 


Both lines pass through the origin and have parallel 
direction vectors. 


(0,5;15), 6,0, 210; =5,0) 


(2, 3, —5) 33. Lines do not intersect. 

40.37° 37. x=4-6ty=1+3472=6+ 3t 
2x — 3y + 4z = 19 M. 5x —3z=51 

6x + 8y — 4z = 11 45. 5x -—3y+z=2 
3x-4y+z=0 49. The points are collinear. 
xt+y-—4z=25 53. z= 12 

3x + y + 10z = 18 57. 9x — Ty +5z=17 
6x — 2y+z= 12 


orthogonal: (a) and (d), (b) and (c), (d) and (f), (b) and (e); 
parallel: (a) and (f), (c) and (e) 


(c) and (d) 65. x=2+ty=$-t47=t 
x=5-34y=5-3472=t 

(-5, 5, 9) 71. (1, 2, —5) 
x=5+ty=6+34z7z=-12+t 


3x — y— 2z= 10 
z 79. 


Exercises 7.6, Page 357 
1. 
3. 
5. 


not a vector space, axiom (vi) is not satisfied 
not a vector space, axiom (x) is not satisfied 
vector space 


Answers to Selected Odd-Numbered Problems 
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7. not a vector space, axiom (ii) is not satisfied 
9. vector space 11. a subspace 
13. not a subspace 15. a subspace 
17. a subspace 19. not a subspace 
23. (b) a = 7u, — 12u, + 8u, 
25. linearly dependent 
27. linearly independent 
29. fis discontinuous at x = —1 and atx = —3. 
31. 2V2 0/3, Var 
Exercises 7.7, Page 363 
1. u = 3 w, — 75 W>, where 
W, = (iG) Wo = (a 3 
3. u = —3v, + 7v, — 3 V3, where 
v, = (1,0, 1), » = (0, 1,0), v; = (-1, 0, 1) 
5. (a) BY = (ve va) (Te —Ta} 
0b) B” = a a aa 
7. (a) BY = {Cave (ve wh 
(b) B” = {(1, 0), (0, 1)} 
9. BY = {(,+.0),(-se cect) GBD 
1. BY = {le Ve va (— WP a 
(“Ve avn av} 
13, BY {Gam va via (Tim vise vim} 
18. BY” = {(3, —3,3, —2)s ove ve ae aa 
17. B’ = {1,x,3(-1 + 3x} 
19. B” = {eet Gx = Dh 
21. p(x) = Se 1) + 3V6 q(x) + iB), where 


Qe) = Jp a@) = x @) = iq Gx? - 1 


Chapter 7 in Review, Page 364 


. true 3. false 
. true 11. 91 + 2j + 2k 
. 14 17. -6i + j — 7k 
2 (5,653) 
. 3V10/2 
. @-j- 3k/VI11 
. 214+ 754+ 2k 


. 14x — 5y — 3z = 0 
. approximately 153 Ib 
. not a vector space 


7. true 
13. 5i 
19. (4, 7,5) 
23. —36V2 25. 12, —8, and 6 
29. 2 units 
33. 2 
37. sphere; plane 
x-7 y-3 z+5 
4 -2 6 


5. true 


. The direction vectors are orthogonal and the point of 


intersection is (3, —3, 0). 
45. 30V/2 N-m 


51. a subspace; 1, x 


Exercises 8.1, Page 374 


1. 
7. 


11. 


2x4 
not equal 


3.3x3 
9. not equal 


13. C93 = 9, Cy. = 12, 


5. 3x4 
x=2,y=4 


Answers to Selected Odd-Numbered Problems 


= 
gl 


= 
ad 


21. 


23. 


27. 


37. 


39. 
41. 


45. 


49. 


51. 


(fC -askCa 2) 
Ch nh 7} 
( 
( 


9 *):( 3 aC ok g a 
3 8/7 \=6 =16/"\0 0/7") 8 10 


4 8 10 6 


10 20 25/ \-5 
a A, - - = 
10 75/’°\10 75 1 
(2) 
=2 
a= ee“ 3) 


AB is not necessarily the same as BA. 
Ay1X1 + AyyXy = dD, 
Ay)X1 + AyyXy = dy 
b = (-1, 1) 


m=({ ’) 
Oe | 
cosB O -—sinB 
(b) Mp = 0 1 0 : 
sinB O 
1 0 0 
M, = | 0 
0 -—sina@ cosa 
3V2 + 2V3 —- V6+6 
8 
3V2 +2V3—-3V6+2 
ys = 8 
V2+ V6 


Zs = 3 * 0.9659 


47. b = (—2,0) 


cos B 


cosa sina 


(c) x5 = = 1.4072, 


=~ 0.2948, 


Exercises 8.2, Page 387 


. xX, =4,x% = -7 3. x, = 


. xX, = 0, x = 1, x3 


Pe ee OO A SO) Be 
1 = 9512 = 95145 = 3 


2 = 1 
~ 32% = 3 


. xX) =0,% =4,43=-1 7 xy = -h my =1,x3=0 
. inconsistent 11. x, = 0,2x = 0,23 = 0 


4 15. X,=1,y%=2-tx%,=¢t 
1, x4 0) 


xy =; Xy = x3 


. inconsistent 

. X, = 0.3, x. = —0.12, x3 = 4.1 

. 2Na + 2H,0 > 2NaOH + H, 

. Fe;0, + 4C > 3Fe + 4CO 

. 3Cu + 8NHO;— 3Cu(NO;), + 4H,O0 + 2NO 


1 


1 1 1 x 0 ye = t 
: 15 é A 17. ( oe 
31.15 -2 2 xX |= | 0 0 ¢ Dp TD 
8 lL 5 0 
‘~ 0 3 3 
2 =3 1\ (x —12 19. singular matrix 2. |0 -} -$ 
a1 t -1/ie)=) 4 1 2 9 
4 -1 -l X3 —10 ft 8 7 7 
35. Interchange row | and row 2 in I. 2 6=3 : ; i = 
37. Multiply the second row of I, by c and add to the 23. 2 2.1 25. 0 3 a : 
third row. [ol 1 1 : Fi j 
=—7. t & 4 
42, Ay2 a3 : 1 > 3 
39. FEA=[ ay, a2 a3 a 3 Pl 29. ) 31. x =5 > 
=| = 3. 4 = 
43, 432 433 ” 
ay ay2 ay3 45. x, = 6, xX) = =); 47. x, >= 3, xX, = 5 = 
M. EA = Ay, Ayy Ay, 49. x, =2,% =4,4=-6 51. 4 =21,4=1y=-l a 
Cay, + 3, CA, + G3, C3 + 33 53. x, = ip Xo = 0X1 = 6,x) = 16; x, = —2,x, = —7 af 
55. System h ly the trivial solution. 
Exercises 8.3, Page 392 peal fl © Pee iat peer o 
57. System has nontrivial solutions. W 
1. 2 3. 1 5. 3 rm 
. . : —R3E, + R3E, + RoE, — RoE 
7. 2 9. 3 11. linearly independent 59. (c) i, = RR + RR GRR ; rm 
13. linearly independent 15. 5 at oe rae , 
17. rank(A) = 2 ee R3E, — R3E, — RE; + = rm 
R3R, + RyRy + RyR, o 
Exercises 8.4, Page 398 _ TRE, + RE; + RE, — R\E, = 
19 31 82 210 9-7 OO RR, FRR, RR oS 
"1. 17 13, 27-3A-4 15. -48 = 
17. 62 19. 0 21. —85 Exercises 8.7, Page 417 Cc 
23. —x+2y—z 25. -104 21. 48 fi opts es 1.220 e= 0s = 
29. A; = —5,42=7 § x=4,y=—-7 7. x, = —4, x = 4,23 = —5 rm 
9 w=40=3,~"=1 Wek=2 a 
Exercises 8.5, Page 404 ee 2 : 5 an 
1. Theorem 8.5.4 3. Theorem 8.5.7 1 dat eA Taree a 
5. Theorem 8.5.5 7. Theorem 8.5.3 . ad 
9. Theorem 8.5.1 11. 5 13, -5 Exercises 8.8, Page 425 = 
15. 5 17. 80 19. -105 27. 0 1. K,,A=—1 = 
3. K;,A=0 m 
29. -15 31. —9 33. 0 35. 16 = 
5. K,,A =3;K;,A=1 
Exercises 8.6, Page 413 2 1 iy 
a » Fag La 7. A; =6,A, = 1, K, = (3). = ({}):nonsingutar a 
(5) (y) (4 > 
9. A, =A, = —4,K, = ; nonsingular an © | 
+4 J A -B WA ees aa 7 
11. A, = 3i, A, = —3i 
. = | ele a 1-33 1 + 3i = 
oe 4 . ae K= (15 “a= (15%): nonsingua 
1 
a ae 13. A, =4,A, = —5, 
1.]/0 § O i = 
0 0 -3 K, = 6 K, = ( ®) nonsingular 
a i | 15.2) = 0,44 4,4,= —4, 
a a 9 I 1 
13. 10 17 2 17 A 
27 rn nd K, = | 45 ],K, =| 1 |, K; = | 9 J; singular 
i a 25 1 rl 


Answers to Selected Odd-Numbered Problems 
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17. ry = dA, = A3 = =o: 


2 0 
K, =| —-1 ],K, 0 }; nonsingular 
0 1 
19. A, = —1,A, =1,A3 = —i, 
1 —1 —1 
K,=| -1 |,K= i|,K,=]| —i J;nonsingular 
1 i —i 
21. A, = 1,4, =5,A3 = -7, 
1 1 —1 
K, = | 0 |, K, =| 2 |, K; = | —2 |; nonsingular 
0 0 4 


23. eigenvalues of A are A, = 6, A, = 4; eigenvalues of 
A’! are A; = % A> = 4 Corresponding eigenvectors 

1 -1 
for both A and A“! are K, = (1) K, = ( a 
25. eigenvalues of A are A, = 5, A, = 4, A3 = 3, eigenval- 
ues of A”! are A, = 4, Ay = 4, Az = % corresponding 


=3 
eigenvectors for both A and A’! are K, = | —1 ], 
1 —2 1 
K, = | 0], K; = 1 
0 0 


Exercises 8.9, Page 429 
a (’ 3(-1)"2"*" + 5") —3[(-2)” - ) 
= (=2)" = 3") s[(-2)" = 66)"|/" 


38 - 

am ifs" + (-1)"] eae 
sO —(=2)") 52" 1s" a 

83328 Hoon) 

33344 16640 


5. 


il Pim | 2° = 1 
O32 (=1)"], 412" = 19") | 
0. 42 =(= D7]: 32 +2617] 

1 1023 1023 

0 683 682 

O 341 342 


120 (= 2)" ] a" = \(=2)") 0 
alent” = (= 1yr2"*"] 314" + (—1)"2"""] 0 |; 
oe ae 28 34" = (=2)"] 1 
699392 349184 0 
698368 350208 0 
699391 349184 1 


nr + (1 — m)4" 


f 
( 
‘( 
| 
| 
| 


3m4"—! ); 
—3m4"! m4"! + (1 — m4)’ 


22528 a) 
—18432 —14336 


Answers to Selected Odd-Numbered Problems 


13. (a) w( _) >1 
7 m 
a 37 


(b) A” =0,m>1 

(c) 

2(3)"—! 3n-1 amo 
92)" = 4G") 30)" =22)"] s1-3@)" — 2G)" 
aL -9(2)" + 8G)"] s-32)" + 46)"] 613@)" + 46)"] 


i 


Exercises 8.10, Page 436 
1. (b) A, = —4, A, = —1,A3 = 16 
3. (b) A, = 18,A, =A, = —8 5. orthogonal 
7. orthogonal 


sl- Sle 
UH jr 


) 17. (b), (c), (d), (e), 


9. not orthogonal 


ll aS. 3 fe ce 
11. (_% 8) 13. @u _p) 
v2 V2 Vi0 V10 
pave ES a 0 
v2 V2 
15. 0 0 1 
ail eile 0 
V2 V2 
ee) 1 1 
Vil Vee OG 
17 i _ 4 2 
Vil Vee V6 
_ 47, _3 
199. a= —-53,b=5 
Ah) B= ha 2K S4 
T° of gut 
YY 
() P=|-3 @W OW 
0 2 aS 
6 V3 


Exercises 8.11, Page 443 


1 
1. 2 (;) 3. 14 (3) 5. 10 1 
. > 1 : ? 3 " ? 


7. 7 and 2 9. 4, 3, and 1 
11. approximately 0.2087 
3 2 1 
13. (c) —| 2 4 2 
1 2 3 
(d) 0.59 
(e) approximately 9.44EI/L” 


Exercises 8.12, Page 451 
— 1 1 
1 1 0 5 
3. not diagonalizable 


1 1 = 
see(® ')pe (72 °) 
2 1 0 4 


ve (4 ho( 


ANSWERS TO SELECTED ODD-NUMBERED PROBLEMS, CHAPTER 8 
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Exercises 8.14, Page 462 Chapter 8 in Review, Page 476 
35 15 38 36 O 
165 ( ) 22-4 
27 


10 26 20 0O 3.45 3 4 
1. 3. ,(11) 5. false 
4 & 64 120 107 a 4 5 6 6 8 
32 40 75 67 25 567 
31 44 15 61 50 49 41 7. 3,-5 9. 0 11. false 13. true 
5. (a) | 24 29 15 AT 35. 31 1 15. false 17. true 19. false 
= = = = 1 1 
! Is Is 0 15 5 23. (a) ( ) 25. x, =—-3,H= 7, x3 = 5 
7. STUDY_HARD a 7 . 
9. MATH_IS_ IMPORTANT. 29. 240 31. trivial solution only 
33. I, + 10HNO;—> 2HIO; + 10NO, + 4H,0 
11. DAD_I_NEED_MONEY_TODAY ie GmEne: 
35. X) = —3,%X) = 4,43 = 3 


15 22 20 8 23 6 21 22 
13. (a)B’ = | 10 22 18 23 25 2 23 25 
3 26 26 14 23 16 26 12 


37. x = Xcos 6 — Ysin 8, 
y=Xsin@ + Ycos@é 
39. xX, = 7, xX, = 5, x3 = 23 


Exercises 8.15, Page 467 _ _ 7 () _ ( ') 
M.A, =5,4=-1,K,=(_],K= 
1. (0110) 3. (00011) 2 -1 
5. (10101001) 7. (100) A =e 1 Os= 8 
9. parity error 11. (10011) aL 1 ) 
13. (0010110) 15. (0100101) K, =| -2],K,=| 0|,K;=|1 
177. (1100110) 19. code word; (0 0 0 0) 0) —1 2 
21. (000 1) 23. code word; (1 1 1 1) 45. A, = A, = —3, A, =5, 
25. (1001) 27. (1010) 9 3 1 
29. (a) 27= 128 (b) 2*= 16 K,= 1 },K,=| 0 ]|,K,; = 2 
(c) (0000000), (0100101), 0 1 1 
(0110011), (0101010), , 
(0111100), (0010110), Ve 
(0011001), (0001111), 47. | —% 49. hyperbola 
(1000011), (1100110), = 
(1010101), (1001100), 51. 
(1110000), (101001), 204 13 208 55 124 120 105 214 50 6 138 19 210 
Oe eee fe 12 188 50 112 108 96 194 45 6 126 18 i) 
Exercises 8.16, Page 471 53. HELP_IS_ON_THE_WAY 
1. y = 0.4x + 0.6 3. y=11x-03 55. (a) (11001) (b) parity error 


57. x, = 3, Xo = 2, X3 = 1 


5. y = 1.3571x + 1.9286 
58. f(x) = $x — 3 


7. v= —0.847T + 234, 116.4, 99.6 
= pA 

9. f(x) = 0.75x° — 2.45x + 2.75 Exercises 9.1, Page 485 

Exercises 8.17, Page 475 . 


08 04 90 
Ae a= Ge aie ~ i 


96\ (98.4 . 100 
) (*) (r*) = 4 
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0.2 05 0 100 
4 @) T=)03 CO 0), x= 1/0 5 
05 04 1 0 
20\ /19 0 
(b) | 30 },| 9 (c) X=| 0 
50/ \72 100 


Answers to Selected Odd-Numbered Problems 


9. 11. 
C 
—y 
x 
r(f) = tit tj + 2?°k 
13. 
x 
r(t) =3 cos ti+ 3 sin tj + 9 sin*tk 
15. 2i — 32j 
17. (1/fi — (1/t?)j; —/?)i + (2/8°>)j 
19. (e"(2t + 1), 32°, 8¢ — 1); (4e7"(t + 1), 6t, 8) 
21. y 
x 
2. x=2+4y=24+24,2=$44¢ 
27. r(t) X r"(t) 
29. r(t): [r'() X r'"()] 
31. 2r/(20) — (/P)r3(1/t) 
33. 31+ 9j+ 15k 
35. e(t-— Ditte “j+ze?k +e 
37. (6+ 1lit+ BP -—2j+@e+ Dk 
39. (20° — 6 + 6)i + (7t — 40°” — 3)f + (? — 20k 
M. 2Va? + cn 
43. 6(e°7 — 1) 
45. acos(s/a)i + a sin(s/a)j 
47. Differentiate r(f) - r(t) = c’. 
Exercises 9.2, Page 488 
1. Speed is V5. 3. Speed is 2. 
y y, 
v(0) 


11. 


13. 
15. 
17. 


19. 
21. 


25. 


27. 


29. 


. Speed is V5. 


7. Speed is V 14. 


z a(1) 
v(2) 


. (0, 0, 0) and (25, 115, 0); 


v(0) = —2j — 5k, a(0) = 2i+ 2k, 

v(5) = 10i + 73j + 5k, a(S) = 2i+ 30j + 2k 

(a) r(t) = (—162 + 2401)j + 240 V3 ti and 
x(t) = 24031, y(t) = — 167? + 2408 

(b) 900 ft (c) 6235 ft (d) 480 ft/s 

72.11 ft/s 

97.98 ft/s 


(a) 4300 ft, approximately 7052.15 ft, approximately 
576.89 ft/s 


(b) y 
4000 
3000 


2000 


1000 


2000 4000 6000 8000 i 


approximately 175.62 ft/s 

Assume that (Xo, yo) are the coordinates of the center of 
the target att = 0. Thenr, = r, when t = xo/(vo cos 8) = 
Yo/(vp sin 8). This implies tan 6 = yo/xp. In other words, 
aim directly at the target at t = 0. 

191.33 Ib 


r(t) = kei t+ j + (Ke? — Dk 


1 
2t? + ky 
(b) Since F is directed along r, we must have F = 
cr for some constant c. Hence tT = r X (cr) = 
c(v X r) = 0. If t = 0, then dL/dt = 0. This implies 
that L is a constant. 


Exercises 9.3, Page 495 


1. 
3. 


5. 
7. 


T = (V5/5)(—sin ti + cos tj + 2k) 
T=(@ +c’) '?(—asin ti + acos tj + ck), 
N = —cos fi — sin fj, 

B= (@ +c’) '(c sin ti — c cos tj + ak), 

kK =al(a +c’) 

3V 2x —3V2y + 42 = 307 

4t/V 1 + 40°, 2/V1 + 42? 
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9. 2V6,0,t>0 11. 2e/V1 + 22, 2/V1 + 2? 43. dwlot = —3u(u" + v°)'7e~' sin 8 

13. 0,5 15. —V3e',0 ~3vu" + v'VI"e"" cos 8, 

_ dw/a@ = 3u(u> + v’)"?e7' cos 8 
Vbc?sin2t + a2c2cos?t + ab? - a is ai nat 

(a sin’t + b2cos2t + c2)3? or ane ae 


45. dR/du = s°t*e” — 4rsttuve” + 8rs’Puve"™, 
23. «= 2, p = 35K = 2/V125 ~ 0.18, 


AR/av = 2s*t*uve” + 2rstte—” + 8rs?Au2ve"” 
p= V 125 /2 ~ 5.59; the curve is sharper at (0, 0). 


17. Kk 


a ow xu y cosh rs 
: ot 2 4 ype 4 2g. 1/2? 
Exercises 9.4, Page 500 e a a y) 
1 § 3 y ow xs sty cosh rs 


+ ar (x? + y’)!Prs + tw) u(x? + yy” 


¥ ow xt i ty cosh rs 
x = 
au (x2 + yrs + tu) w(x? + yy? 


i 49. dz/dt = (4ut — 4vt *)\w? + v’) 
51. dwidtl,_,, = —2 57. 5.31 cm?/s 


y 
\Y NY / x Exercises 9.5, Page 505 
1. (2x — 3x’y*)i + (—2x7y + 4y%)j 


3. (y/z)i + Qxy/2)j — Gay’ i/ek 


5. 


7. elliptical cylinders 9. ellipsoids 5. 4i — 32j 7. 2V3i — 8j — 4V3k 
11. z z Z 9 V3x+y 1. 3(-V3- 2) 
\7 / NY, 13, -+V10 15. 98/5 7 32 
: S : 2 19. —1 21. -12/V17 
ZS L\ E+ 23, V2i + (V2/2)j, V5/2 
eso ai een %. —2i+2j—4k,2V6 


21. —8V7/6i — 8V77/6j, —-8V 7/3 

29. —3i — 12j — 3k, —V83,281/24 

31. +31V17 

3. u=3i-— jus fit §ju= —Fi- 5j 

35. Df = (9x + 3y? — 18xy? — 6xy/'V10: 
D,F = (—6x2 — 54y? + 54x + 6y — 72xy)/10 


13. dz/dx = 2x — y’, delay = —2xy + 20y* 
15. dz/dx = 20x*y? — 2xy® + 302%, 

dzlay = 15x*y? — 6xy — 4 
17. dz/dx = 2x7 "?/3y? + 1), 


azlay = —24 Vxy /By? + 1 


19. dz/ax = —3x° 0 — y*)?, 37. (2,5), (—2, 5) 
agldy = 2yQe — yy? 39. —16i — 4j 
21. dz/ax = —10 cos 5x sin 5x, x= 3e yode 
dz/ay = 10 sin Sy cos Sy 43. One possible function is f(x, y) = x — Fy’ + xy + e”. 
23. f, = e*(3x%y + 1), f, = x*e*? 
25. f, = Tyl(x + 2y/’, E> The dy)" Exercises 9.6, Page 510 
27. g, = 8ul(4u’ + 5v°), g, = 15v"/(4u? + 5°) 1. 3. j 
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31. F, = 2uw? — v’ — vwe? sin(ut?), 


F, = —3uv’ + weos(ur’), F, = 128x’t', 5. 


F, = —2uvwt sin(ut’) + 64° 
x 
39. dz/ax = 3x°Ve"”" + Quve"”, dzlay = —4yuve” x 
M1. dz/du = 16u* — 40y(2u — v), 


dzlav = —96v" + 20y(2u — v) 


¥ 
29. w, =x '?y, wy = 2Vx — (vie — 2%, ae . | 
w, = (VIe)e" 4 +H ++ — x 
*| 


Answers to Selected Odd-Numbered Problems 


9. 11. z 35. 2i+ (1 — 8y)j + 8zk 
t 45. div F = 1 #0. If there existed a vector field G such that 
— | ~~. F = curl G, then necessarily div F = div curl G = 0. 
=! y 
Exercises 9.8, Page 523 
* 1. —125/3-V2; —250(2— 4)/12; 25 
-6: =]. = » 72/Q- 2 
13. (-4,-1,17) 3. 326 35 5. —1;(@ — 2)/2; 77/8; V277/8 
15. 2x +2y+2=9 eal 9. 30 11. 1 13. 1 
17. 6x — 2y —9z =5 15. 460 0.> 19. —$ 21. —§ 
19. 6x — 8y +z =50 23. 0 25, 27. 70 = 
21. 2x +y—-V2z2= (4+ 5a)/4 31. ¢ 33. —4 35. 0 = 
23. V2x+ V2y-z=2 37. On each curve the line integral has the value 738. ” 
2. (1/V2, V2, 3/V2), (-1/V2, — V2, -3/V2) M. x =35,y = 2a = 
27.. (=2,0,5),(=2,0, =3) . be =) 
33. x=1+2,y=-1-44,2=14 21 a Si ” 
ee ee 1, 8 3. 14 5. 3 7. 330 = 
i aa 9. 1096 We pax t3xt+y ns 
Exercises 9.7, Page 514 13. not a conservative field 15. 6 = 4x/+ xy + jy* rr 
1. y 17.3+e! 19. 63 21. 8 + 2e? a 
23. 16 0-4 29. 6 = (Gmm,)iirl , 
rm 
Exercises 9.10, Page 540 oS 
5 1. 24y — 20e” 3. x7e3" — xe" 5, Fins = 
7. 2 —siny | a | 
9 "( = 
| = 
3 y | — fe) 
rm 
1 1 if x be =| 
rm 
= 
i) fa” 12 2. 15. 33 17. 96 = 
19. 2In2-1 a. © 23. (c), 167 oO 
25. 18 27. 27 29. 4 31. 30 In6 = 
33. 1577/4 35. (292 —1)/18 37. § sin8 z 
a al 39. 77/8 ma. x=8y=2 8 4=3,y=3 = 
ee ee ee ee ee 5 
AAA AAA 45 x= oY = 147 ; 2H Oy = 7 S 
1 49. x = (et + 1)/[4e* — 1], = 
Saute y= 16(es ~ 1)/[25(e* — 1)] = 
+yyl yy 51. its 53. 4k/9 55. 3¢ 57. tt = 
| 59. aV/10/5 61. ab’m/4; aba/4; b/2; a/2 b> =} 
| 63. ka‘/6 65. 16V2k/3 67. aV3/3 co 
| Exercises 9.11, Page 545 
1. 2777/2 3. (47 — 3-V3)/6 5. 2577/3 
7. (x«—y)it(x—y)js2z 9. 0; 4y + 8z 7. (Qa/3)(152? — 73) 9, 5 
11. (4y° — 6xz")i + (22° — 3x°)k; 6xy W. X= 13/30, y = 13/37 13. x = By = 3-3/2 
13, (3e* — 8yz)i — xe*j; e * + 42° — Bye 15. x = (4 + 3)/6,y = 4 17. matk/4 
15. (xy’e’ + 2xye’ + x yze? + yei- Yej 19. (ka/12)(15V3 — 4m) 24. ra*k/2 
+ (—3x’yze® — xe")k; xye" + ye* — x3 ze? 23. 4k 25. On 27. (m/4)(e — 1) 


Answers to Selected Odd-Numbered Problems 
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29. 3277/8 31. 250 

33. approximately 1450 m? 

Exercises 9.12, Page 550 
1. 3 3. 0 5. 757 7. 487 
9, * 11. 3 13. § 

15. (b — a) X (area of region bounded by C) 


19. 3a°m/8 28. 4527/2 25. 7 

27. 2777/2 29. 37/2 33. 377 

Exercises 9.13, Page 557 
1. 3V29 3. 1077/3 5. (77/6)(17°? — 1) 
7. 2571/6 9. 2a°(m — 2) 11. 8a’ 


13. 2ara(c) — c;) 15. 7° 17. 0 
19. 9727 21. (3°? — 277 + 1y/15 
23. 91777 — 1) 25. 12V/14 27. kV3/12 
29. 18 31. 287 33. 877 35. 57/2 
37. —87a> 39. 4arkq 41. (1, §, 2) 
Exercises 9.14, Page 563 
1. —407 3, 2 5. 3 7. -3 
9. —377/2 11. 7 13. —1527 
15. 112 17. Take the surface to be z = 0; 8177/4. 
Exercises 9.15, Page 572 


1. 48 3. 36 
7. fe’ — ze 9. 50 


4 p2-(x/2) 74 
11. [| | F(x, y, z) dz dy dx; 
0 x 


+2y 


2 4 pz—-2y 
| | | F(x, y, z) dx dz dy; 
0 


2y/0 


5. 7 —2 


4 pz/2 pz—2y 
| | F(x, y, z) dx dy dz; 
0 


474 p(g—w/2 
| F(x, y, Z) dy dz dx; 


0 Jx JO 


4 pz p(z—x)/2 
| | F(x, y, z) dy dx dz 


2 78 74 B rd pV y 
13. (a) | | dedyax (b) [{] dx dz dy 
0 0 Jo 


0 


15. 7 


17. 19. & 


Answers to Selected Odd-Numbered Problems 


21. 
25. 


29. 


31. 
35. 
39. 
43. 
41. 
51. 
55. 
59. 
61. 
63. 
67. 
71. 
75. 
79. 


16V2 23. 167 

X=hy=72=$ W@W x=0,y=2,2=0 
1 1-x? -8—-y 

| | | (x + y + 4) dzdydx 
-W-Vi-xJay42 

2560k/3; V80/9 33. k/30 

(-10/-V2, 10/V2,5) 37. (V3/2, 3, —4) 

(V2, —7/4, —9) M. (2V2, 27/3, 2) 

rt+2=25 4. r—-2=1 

z=xt+y 49. x =5 

(277/3)(64 — 127) 53. 6257/2 

(0, 0, 3a/8) 57. 8ark/3 

(V3/3, 3, 0); (3, 77/6, 0) 

(-4, 4,42); (4.V2, 3277/4, 42) 

(5V2, 2/2, 57/4) 65. (V2, 7/4, 77/6) 

p=8 69. b = 7/6, b = 57/6 

r+yt+2=100 B. 7=2 

9n(2 — V2) 77. 27/9 

(0, 0, 2) 81. ak 


Exercises 9.16, Page 579 


1. 3 3. 12a°r/5 5. 2567 7. 6272/5 
9. 4m(b — a) 11. 128 13. 77/2 
Exercises 9.17, Page 585 
1. (0, 0), (—2, 8), (16, 20), (14, 28) 
3. 
(4, 2) 
5. 9. -ju? 
x 
11. ¥ 


1. 
9. 


x 


(0, 0) is the image of every point on the boundary u = 0. 


. 16 15. 5 17. 3(b — a)(d — ©) 
.3(1—In2) a. 2B 23. i(e — e') 
d 
. 126 27. 3(b — a) In 29. 15a/2 
Chapter 9 in Review, Page 586 
true 3. true 5. false 7. true 
false 11. false 13. true 
true 17. true 


15. 


x ‘ y 3 

(2 + yp? _— (x2 + yy? 

2. v(1) = 6i+ j + 2k, v4) = 6i+j + 8k, a(f = 2k 
for all t 

23. i+ 4j + 37/4)k 

25. z 


19. Vo = - 


Xe 
21. (6x° — 2y* — 8xy)/ V/40 29. 2; —2/ V2: 4 
31. 4x + 3y — 122 =40 —6V3 


1 2x 
33. ia V1 — x? dydx; 
i 
1 
[[ V1 — x? aay + || V1 — x? dxdy;3 
3/2 'y/2 


35. 41k/1512 37. 82 
39. 6xy 41. 0 
43. 56/2 73/345. 12 
47. 2+ 2/37 49. 7°/2 
51. (In 3)(17°? — 5*?)/12 


53. —4arc 55. 0 
57. 1257 59. 37 
61. 3 63. 0 
65. 7 


Exercises 10.1, Page 597 


3 =>: 
1. X’ = (; X, where X = (*) 


=3 4 —-9 x 
3. X’ = 6 —-1 0 | X, where X = | y 

10 4 3 Zz 

1 -l 1 x 
5. X’ =| 2 1 -—1 |X, where X= | y 

1 1 1 z 


dx 
pat dytel 


dt 
d 
dt 

9. Fay y treet 31 
Day tpt ge ay 
dt 
d 


x = 
dt t Sy + 62 + 20 easy 


17. Yes; W(X,, X,) = —2e* ¥ 0 implies that X, and X, 
are linearly independent on (—oo, oo). 

19. No; W(X,, X,, X3) = 0 for every ¢. The solution 
vectors are linearly dependent on (—oo, oo). Note that 
X, = 2X, + X,. 


Exercises 10.2, Page 609 


1. 


3. 


11. 


13. 


15. 


21. 


23. 


25. 


27. 


29. 


c0() 
coal Jersa(el 
| 


X=c, 6 eet + aa({) en 
2 4 
1 2 1 
x-o(2) es ‘Jee 0 |e" 
0 1 2 
—1 1 1 
xo 0 ool: e’+e,| -1]e7 
1 3 3 
4 -12 
xo 0 a a ma 
—1 2) 
4 
+ 63 2]e°" 
= 


(d) approximately 34.3 minutes 


x-a(")eal(}>() 
xl eral te 


1 1 
X=c (Jera( e+ ¢, e 
0 
A 2 
X=c,| —5 vol i 
2 


Se Ee, a 
- © 
[% 
XQ, 
a 
— 
Za ~ ne” 
- © 
z 
oe a 
a. 
So CO wep 
a 
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33. Corresponding to the eigenvalue A, = 2 of multiplicity 
five, eigenvectors are 


1 0 0 
0 0 0 
K, =| 0 |, K, =| 1 ],K,=| 0]. 
0 0 1 
0 0 0 


cos t sin t 
35. X= a( ; Je + ol . Je 
2cost + sint 2sint — cost 


cos t sin ¢ 
mo xae(_ oT Jetee(_ tte 
—cost — sint sint + cost 


® X= a( Scos 3t Je 5 sin 3¢ ) 
4cos 3t + 3 sin 3¢ *\ 4sin 3t — 3cos 3t 
1 —cos t sin t 
41. X=c,|0] +c cost | +c3| —sint 
0 sin ¢ cos t 
0 sin ¢ cos ¢ 
43. X=c,| 2]e+o] cost }]et+c,| —sint |e 
1 cos t —sint 
28 Scos 3t 
45. X= | —5 | e+, | —4cos 3t — 3sin3t | e 7 
25 0 
5sin 3t 
+c; | —4sin 3t + 3cos 3t | e~” 
0 
25 cos 5t — 5sin 5t 
47. X= —| -7 Je- cos 5t 
6 cos 5t 
Scos 5¢ + sin 5t 
+6 sin 5t 
sin St 
dx, 1 1 
49. (a) a 39" + 103 
dx, 1 1 
a wm 20° 
dx, 1 1 


Xo = —% 
dt 2° 10° 
—cosipt + singpt 


(b) X = -6 —sinyt om 
cos spt 
—cosat — singt 2 
=2 cos apt e+ 11] 2 
sinzt 1 


Exercises 10.3, Page 613 
= ee - an 
ce" + 3c 


Answers to Selected Odd-Numbered Problems 


ie” 4 c,e>!? 
2c,e"? + 2cre*” 


3. X= (_.° 
—ce “+ tae 
5 X= 4A ese! 
me + c3e% 
x-("s “* — ce — ¢,¢e74 


T+ ce 
“+ ce” 
Ge! + Dee” + Bee" 
9. X=] ce! + 2cre" + 4c,e% 
ce’ + 2c,e% + 5ce,e* 


my, 0 k, + ky eo 
11. M = dK = 
i”) ’ w) = ( —k, ky 


Since M is a diagonal matrix with m, and m, 
nonzero, it has an inverse. 


kth by 

(b) B= MK = ms wa 
bk 

My My 


(c) X 


Il 


1 1 
ai(} Joos tr a(}) sin t 


—2 —2 
+ al cos Vor + a *)sin Vor 


Exercises 10.4, Page 619 


a oo ee =3)\ 4 =] 
1.X=c, in + C, a 3 


1 peel 
3. K=a(_ Hew tal iet + ( ie 
4 
i 
+(e) 
4 4 
1 1 3 
5. sol Jen + ae" + ( ne 
\-3 9 -! 
\ ft 
7. x of 0 Jere of e* +c] 2 JeX— | 5 Je 
2 2 
il —4 —9 
9 X = 13 ‘49 “+ ( ) 
(", a 6 


oh 
eh 
Yet 
bY) 
— 
oa 
| 
ZN 
| 
Zl- s 
I 
BK SI 
Sw 
va 
+ 
oS 
—= © 
NS 


70 (1 80/1 10 
xX = ae —1/20 4 “150+ ( ) 
(b) 3 ( i 3 (i)e 30 


(c) 10;30; as t—oo the total amount of salt in the system 
of mixing tanks approaches a constant 40 Ib 


i : 11 15 
X= + es ie 
a(;) (3)e @ & 
2 1 LB 6 
X= ai(3 er + ol sew - (3 )rer" = (j)e 
4 4 


= 
Na 


= 
ol 


21. 


25. 


27. 


33. 


35. 


39. 


cost\ , sint\ , cost\ , 
e+ cy (fils al |e te 
sin t — cos t sin t 
( cos t )+ ol sin ‘) ( cos ; 
+ : t 
—sint cos t — sin t 
—sint sin t 
++ ‘te ) , ) In| cos ¢| 
sin ¢ tant cos t 
2sin t ot 2cost\ , 3sint\ , 
: et+\, te 
cos ¢ — sin t 3COS f 
cos t 2cost\ , 
+ e' In|sin ¢| + . | e'ln|cos ¢| 
—sint 


0 
) + Co 1 e to C3 0 e* 

0 1 

—te? Po ste™! 

—e' 2 qe"! + Ste" 
pet 
—2 2 
- we Je + ( > et + (<)e 
_ 4 (19 


( 
2 


1 . 4] 
ae = - 
10\ 39 100 


in. 
= 
ee 


Exercises 10.5, Page 625 


P+ 1 t t 
t t+1 t 
—2t —2t —-2t+1 


t+1 t t 


= rt 03 


cosh t sinh t 1 
1. X= = 
sinh t cosh t 1 
t+1 t t 
13. X = t —4)r+1]+6 t 
—2t —2t =f + 1 
1 oA _ 3e7 _ se 7! 3e7 _ 3e°%! 
—e7t 4+ et ne > 
3.2 1 .—2t 3.=2t 
_ 7e° — 9€ ae ge 
X= ai de — + of Ma 1 e2t oe 3 2) or 
3 1 
X= e+e ( Je 
( S)erte(_} 
“ e” + 3te7 —9te” 
17. e = te2 et — 3tex)? 
1 + 3t —9t 
x= e* + ¢ ( ) 
( t ) *"\1 — 3t 
“ A _ co as ze 26! _ oe 
. Ze! — Ze ge’ + ze 
4 it 1 6 Dt 2,6t 
= xe + 5é je — 5e 
X= al _2 _ al t44 : or 
2 
X= os? Je + af Jes 
4. @e= ( —2e' + <— 
, Lo e! , 
1) —2e' + 2e* 
X= Cc, 0 e" + cy ey or 
e 
=2 1 
X= ol Ye + aa Je” 
ye 30%! _ se et 4: se! 
. Cy ig3t _ 395 C2\ 1 3t 4 3eot or 
1 1 
X= a Je" + al Je 
1 3 


Chapter 10 in Review, Page 626 


1. 


7. 


9. 


11. 


1 1 
k=4 &X= a(_}e + ol(_} ee + (Me 


- ( cos = » & 7 : 
=c e+e e 
"\ = sin 2t *\ cos 2t 


—2 0 7 
X=c,| 3 Je* +c] 1 Je“ +c,[ 12 Je* 
1 1 —16 


X= ai(} e™ +¢ (te + ( + (1') 
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3. X ae + sin ‘ si oy — cos ‘ 
: =C Cc 4 
: 2 cos t 4 2 sin t 


1 sin ¢ 
= cal ee In|csct — cott| 
1 sint + cost 


—1 -1 1 
15. (b) X=c} L] tol O}] +e] 1 Je* 
0 1 1 


Exercises 11.1, Page 635 


1.x’ =y 

y’ = —9 sin x; critical points at (+n77, 0) 
3. x’ =y 

y! = x? + y(x3 — 1); critical point at (0, 0) 
5. x’ =y 

y =ex-x 


1 1 
critical points at (0, 0), ( se 0), ( Ve 0) 
7. (0, 0) and (—1, —1) 
9. (0, 0) and (3, 4) 
11. (0,0), (10, 0), (0, 16), and (4, 12) 
13. (0, y), y arbitrary 
15. (0, 0), (0, 1), (0, —1), 1, 0), (—1, 0) 
17. (a) x=cye™— ce! 
y = 2c,e" + c,e7 
(b) x = —2e7° 
y=2e" 
19. (a) x =c,(4cos 3t — 3 sin 34) + c,(4 sin 3t + 3 cos 34) 
y = c,(5 cos 32) + c,(5 sin 32) 
(b) x =4 cos 3t — 3 sin 3t 
y =5cos 3t 
21. (a) x =c,(sint — cos Ne“ + c,(—sin t — cos He 
y = 2c,(cos the” + 2c,(sin He” 
(b) x = (sint — cos pe 
y = (cos he 


t 


1 
3. r= 7,0 =ttear=45 ,O=6 
V4t + cy V1024t + 1 
the solution spirals toward the origin as ¢ increases. 
1 
2. r 6=t+c;r=1,0=t(orx=cost 


V1i+ ce 


and y = sin f) is the solution that satisfies X(0) = (1, 0); 


1 : : a 
r= =, 6 = tis the solution that satisfies 


V1 — #e? 
X(0) = (2, 0). This solution spirals toward the circle 
r = | as t increases. 
27. There are no critical points and therefore no periodic 
solutions. 
29. There appears to be a periodic solution enclosing the 
critical point (0, 0). 


Exercises 11.2, Page 642 
1. (a) If X(0) = X, lies on the line y = 2x, then X(¢) ap- 
proaches (0, 0) along this line. For all other initial 
conditions, X(t) approaches (0, 0) from the direc- 
tion determined by the line y = —x/2. 


Answers to Selected Odd-Numbered Problems 


3. (a) All solutions are unstable spirals that become un- 
bounded as f increases. 

5. (a) All solutions approach (0, 0) from the direction 
specified by the line y = x. 

7. (a) If X(O) = X) lies on the line y = 3x, then X(‘) ap- 
proaches (0, 0) along this line. For all other initial 
conditions, X(f) becomes unbounded and y = x 
serves as the asymptote. 


9. saddle point 11. saddle point 
13. degenerate stable node 15. stable spiral 
17. |ul< 1 


19. u< —1 fora saddle point; —1 <u < 3 for an unstable 
spiral point 
23. (a) (—3, 4) 
(b) unstable node or saddle point 
(c) (0, 0) is a saddle point. 
25. (a) G, 2) 
(b) unstable spiral point 
(c) (0, 0) is an unstable spiral point. 
Exercises 11.3, Page 650 
1. r= ne” 
3. x = Ois unstable; x = n + | is asymptotically stable. 
5. T = Ty is unstable. 
7. x = ais unstable; x = B is asymptotically stable. 
9. P = a/b is asymptotically stable; P = c is unstable. 
11. (5, 1) is a stable spiral point. 
13. (V2, 0) and (— V2, 0) are saddle points; (4, —}) is a 
stable spiral point. 
15. (1, 1) isa stable node; (1, —1) is a saddle point; (2, 2) 
is a saddle point; (2, —2) is an unstable spiral point. 
17. (0, —1) is a saddle point; (0, 0) is unclassified; (0, 1) 
is stable but we are unable to classify further. 
19. (0, 0) is an unstable node; (10, 0) is a saddle point; 
(0, 16) is a saddle point; (4, 12) is a stable node. 
21. 6 = Ois a saddle point. It is not possible to classify 
either 6 = 77/3 or 06 = — 7/3. 
23. It is not possible to classify x = 0. 
25. It is not possible to classify x = 0, but x = 1/Ve and 
x = —1/Vé are each saddle points. 
29. (a) (0,0) is a stable spiral point. 
33. (a) (1,0), (—1, 0) 35. lvl <3V2 
37. If B > 0, (0, 0) is the only critical point and is stable. 
If B <0, (0, 0), (%, 0), and (—%, 0), where %* = —a/B, 
are critical points. (0, 0) is stable, while (%, 0) and 
(—x, 0) are each saddle points. 
39. (b) (5277/6, 0) is a saddle point. 
(c) (2/6, 0) is a center. 


Exercises 11.4, Page 657 


1. lal < V3g/L 
’ ie ce 1+ x? 
5. (a) First show that y° = vp + gin 5 Is 
1+ Xo 
9. (a) The new critical point is (d/c — €,/c, a/b + €,/b). 
(b) yes 


11. (0, 0) is an unstable node, (0, 100) is a stable node, 
(50, 0) is a stable node, and (20, 40) is a saddle point. 
17. (a) (0, 0) is the only critical point. 


Exercises 11.5, Page 665 


1. The system has no critical points. 


ap 

q2 ge =. FG 
Ox oy 
ap 

as eT re 
Ox oy 


7. The single critical point (0, 0) is a saddle point. 
9. S(x,y) =e” 


oP te) 
1. —+ 98 _ 4 — x — 3y’) > Oforx’? + 3y’<1 
Ox oy 
13. Use d(x, y) = 1/(xy) and show that 
a(6P) i a6Q)_ err 


ax ay Kx 


15. Ifm = (—2x, —2y), show that V- n = 2(x — y)? + 2y*. 
17. Yes; the sole critical point (0, 0) lies outside the invariant 
region; =x + y’ < 1,andso Theorem 1 1.5.5(ii) applies. 
19. V-n = 2y*(1 — x”) = 2y*(1 — 7°) and aP/ax + 
dQ/ay = x — 1 <0. The sole critical point is (0, 0) 
and this critical point is a stable spiral point. Therefore, 
Theorem 11.5.6(ii) applies. 
21. (a) La a ee ee ee ee 
Ox oy 
=-(x- 1’ <0 
(b) lim,,.. X(t) = G, 2), a Stable spiral point 


Chapter 11 in Review, Page 667 


1. true 3. acenter or a saddle point 
5. false 7. false 9. true 
i. r= ———, 0 = ¢; the solution curve spirals toward 
W3t+ 1 
the origin. 


13. center; degenerate stable node 
15. stable node for uw < —2; stable spiral point for 
—2 <p <0; unstable spiral point for 0 < pu < 2; 
unstable node for u > 2 
17. Show that y? = (1 + x2 — x*)? — 1. 
oP 0 
wa 4 22 
Ox oy 
21. (a) Hint: Use the Bendixson negative criterion. 
(d) In (b), (0, 0) is a stable spiral point when B < 2ml 
x Ve/l — w.In(c), (x, 0) and (—X, 0) are stable 
spiral points when B < 2ml Vw — g?/(w’l°). 


Exercises 12.1, Page 676 


7. Va/2 9. Vi/2 
nit Pp 
11. |j1\| = "xl =4/ = 
\|1|| = Vp; |] cos x 3 
a1. T=1 23. T= 27 
25. T = 27 


Exercises 12.2, Page 681 
1 1 Sele (Ely 
1. f@~ = 5 + = Dy - sin nx; 


n=1 


converges to 5 atx = 0 


3 00S i 4. 
3. fo=7t+d gece — SORE SRG 


5. f(x) = z 4 > cos nx 
n=1 
—yyntl 
+ (‘ aL =i = 11) sin ne} 
n mM 
n+1 
7. fay = 7 +23 7 sin nx 
9. f(x) = oe 2S cos mx 
T=? 


- Dy LS) 1. at ni 
. f@~ = 4) 9 pe a 


Of amepe vae 
- eae: sin, #3 


converges to —l at x = —1, -3 at x = 0, 
and 5 atx = 1 


5 


—yyr*! 
+ (=) wo 


nT 5 


13. f(x) = he —— cos x 


2 sinh 7 s ( de 2 | ) 


Exercises 12.3, Page 687 


1. odd 3. neither even nor odd 
5. even 7. odd 
9. neither even nor odd 


nN. f) =25. as ae 


D2. 1)’ - 1 
13. os a cos nx 
= nN 
A C= 1)F 
15. f(x) = > - COS NTTX 
r= 
2 co yt! 
7. fx) = z ose : cos nx 
3 n=1 n 
28 1-(-)D"d +7), 
19. f(x) = 7 = 7 sin nx 
uy 
a ee nw 
21. f(x) = 4 + a 2 re cos 5 x 
2 2225 Tete G1)" 
23. = COs Nx 
fe =— aes) i 


Answers to Selected Odd-Numbered Problems 
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25. 


27. 


29. 


31. 


33. 


35. 


37. 


45. 


47. 


= 
o 


_ nt 
2 ~ ceauk a 
= + 
f@) aps me COS NIX 
7 1 — cos— 
f(x) = = 2 h sin n7rx 
2 42 (-1)’ 
eer app 608 27x 
8 n 
f@ = = > ae sin 2nx 
n=1 
5. a 2cos— — (-1)"-1 
T 
j=, > Re 2 cos nx 
_ nw 
4 © ea 
fo=— > 2 sin nx 
n=1 
nw 1 
cos—— — 
3 AY xe 2 nT 
f= 7+, 2 cos~5~ x 
= 4 | nt 2 al aT 
f(x) = {4 sin 5 so (-1) \ sin 
5 2 8 3(-1)"- 1 
fx) = er 2 2 cos nix 
co yt! -1jy - 1 
fx) = {2 ) at 4 \ sin way 
4i* eo {4 T \ 
—— +4 = a 
f@ = 3 2 re cos nx = sin nx 
3 1Sl. 
f@) = 3 _ ap 7 sin 2n7Xx 
10 & 1-(-1)" 
X,(t) = = a n(10 — 7 sin nt 
X(t) = 74 16 —— cos nt 
n= 1 n( 48) 
10 1-—(-1)" 1 
(a) x() = => a uf sin nt — Sasinvion} 
wel? = (- _ nw 
. (b) yx) = oe >> sin7 3 


Exercises 12.4, Page 691 


1. 


3. 


5. 


foy= SE enn 


n=—c,n#0 NTI 


1 oo = eina/2 : 
xy=—+ 2inwx 
Fo) 4 > 2ntri 
fo=nr+ DS sem 
n=—oo,n#0 n 


Answers to Selected Odd-Numbered Problems 


Exercises 12.5, Page 697 
1. y = cosa,x;a defined by cota = a; 
A, = 0.7402, A, = 11.7349, 
Az = 41.4388, A, = 90.8082 
y, = cos 0.8603x, y, = cos 3.4256x, 
y3; = cos 6.4373x, yy = cos 9.5293x 
5. 3[1 + sina, | 


nw \* 
7. (a) he= (22 ),o4 = sin (2 Zins), n = 1,2, 3,... 


d A 
b) Ly] + ty =0 


7 
(c) i; = sin (“= ins sin( 2 ins dx =0,m#n 


9 xe? 
. — [xe 
dx = 


') + ne“y = 0; 


| e °L (x) L(x) dx = 0,m #n 
‘0 
11. (a) A, = 16n, y, = sin(4n tan"! x), n = 1, 2,3,... 
1 
(b) | 
o | 
mtn 


Exercises 12.6, Page 703 
1. a, = 1.277, ay = 2.339, a3 = 3.391, ay = 4.441 


5 sin (4m tan~'x) sin(4n tan™'x) dx = 0 
x 


3. f(x) = > Tail 
ae >» aes ae 
1 fo) = 20> OE: aa Fay Me 
a fo) =3- >» yay tae 


15. f@Q)=1 PW +tPO+ BPW -sPG+- 
21. f(x) = 7 Pox) + § Pola) — fe Pale) + +, 

F(x) = ll on (—1, 1) 
Chapter 12 in Review, Page 704 


1. true 3. cosine 
5. false 7. 5.5, 1,0 
9. true 
2. 1 
13. f(x) = st i (Ci = 1) cos nox 
TWra=l ua 
2 
+ —(—1)"sin ras} 


n 
vo) = fr"! 
i (HSiagtiesy = = 


a4 et COS NX; 
% Anall — (-l"e'] . 
SQ) = = ieee sin n7x 
(2n — 1)? 
ASS a ed A Pe eee 


(2 -—1 ) 
y, = COS 5 a Inx 


19. 


21. 


the interval (—1, 1), 


1 
Po) = 3 
V1 — x? 
1 
= T ,,(x)T, (x) dx = 0,m #n 
7 V1—-x? 
12 J,(a;) 


I= 4 2 a Fla) 


Jy(a;x) 


Exercises 13.1, Page 711 


1. 


11. 


13. 


15. 


17. 
21. 
25. 


The possible cases can be summarized in one form 
u = cye?"*”, where c, and c, are constants. 


eH qer or) 5. u = c,(xy)” 
. not separable 


u =e (A,e" coshax + Be" sinh ax) 
u = e “(Ase cos ax + Boe sin ax) 
u =e (A3x + B3) 
u = (c, cosh ax + cy sinh ax)(c; cosh aat + c, sinh aat) 
u = (cs cos ax + Ce Sin ax)(C7 COS aat + Cg Sin aat) 
U = (CoX + Cyo)M(C yt + Cy2) 
u = (c, cosh ax + cy sinh ax)(c3 cos ay + cy sin ay) 
u = (cs cos ax + ce sin ax)(c; cosh ay + Cg sinh ay) 
U = (Cox + Cyo)(CY + C12) 
For A = a > 0 there are three possibilities: 
(i) ForO<a’<1, 
u = (c,coshax + c,sinhax)(c;coshV 1 — a’y 
+ c, sinh V1 — a”y). 
(ii) Fora’? > 1, 
u = (c,coshax + c, sinh ax)(c,cos Va? — Ly 
+ c,sin Va’ — ly). 
(iii) For a? = 1, 
u = (c, coshx + cy sinh x)(c3y + cy). 
The results for the case A = —a” are similar. 
For A = 0: 
u = (cyx + C)(c3 cosh y + cy sinh y) 


elliptic 19. parabolic 
hyperbolic 23. parabolic 
hyperbolic 


Exercises 13.2, Page 716 


a F) 
k= S0K<x<Lt>0 
Ox ot 
u(0, t) = 0, — =0,t>0 
Ox x=L 
u(x, 0) = f(x), O<x<L 
a F 
3 k= 0<x<Lr>0 
Ox ot 


0 
u(0, t) = 100, —~ = pl. t > 0 


x=L 
u(x, 0) = f(x),0<x<L 
au _ au 
ee pp 0 << Lt > 0, ha constant 


rs f) = sin(a#/L), u(L, t) = 
u(x, 0) = f(x), 0<x<L 


0,t>0 


50u OU 
ay = A 
ax? at 
u(0, t) = 0, u(L, t) = 0, t > 0 


0O<x<Lt>0 


Ou 
u(x, 0) = x(L — x), — =0,0<x<L 
dt |i=0 
au du ou 
. = 2p 3 O0<x<Lt>0 
Ox ot or 


u(0, t) = 0, u(L, t) = sin wt, t > O 


) 
A OY PD a =0,0<x<L 
t=0 
a a 
Ww. + 4 =0,0<%<40<y<2 
ox oy 
Ou 
a = 0, u(4, y) = f(),0<y<2 
ox x=0 
Ou 
— = 0, u(x, 2) = 0,0<x<4 
dy y=0 


eo Karr /L Mt ¢ 


1. u(x,t) = = 


ni 
sin — x 
L 
1 L 
3. u(x, t) = +| S(x)dx 


yg 
2: nT 22/72 NIT 
+= x)cos — x dx leh" 7!" cog —x 
ia S( [1 Neos & ) z 


n=1 


ub 
5. u(x,t) = om *| f(xydx 
Lh 


We = nT 202 72 NT 
= py c f(x)cos xdx) g erriht Coe & 
ar = L L 


et ni _ nw 
7. u(x,t) = Ag + >, e ei (4, cos x +B, sin"), 
iI 


1 ic; 
= af (x) dx, 


where Ao 


=H ro 7 dx, B, LY poosinl as 
‘A 1] feos" ~ 71 OS 


Exercises 13.4, Page 722 

Vsi- (i nva . ni 
5 ; cos t sin x 

qi a4 n L L 


1. u(x,t) = 


1. ' 
3. u(x, ft) = — sin at sin x 


“4 @f1-(-1" 
5. u(x, t) = =) 5 cos nat 
n 
1-(-1)" , . 
+ iz Sin n7trat |sin nix 
naa 
si ni 
sin — 
8h Ze = nya . nvr 
7. u(x, t) = > ge cost sin x 


Answers to Selected Odd-Numbered Problems 


> 
= 
= 
rr 
=) 
” 
—_ 
i=) 
2) 
rr 
| 
rr 
o 
—| 
rr 
oO 
i=) 
=) 
oT 
= 
= 
= 
is) 
rr 
=) 
rr 
| 
on © | 
=) 
i=) 
w 
= 
rr 
= 
Ce 
iz) 
— 
> 
on © | 
— 
rr 
=~) 
== 
Go 


a 
= 
= 
rr 
=) 
” 
= 
=) 
” 
rr 
| 
rr 
o 
— 
rr 
oO 
i=) 
=) 
a 
= 
c 
= 
w 
rr 
=") 
rr 
> 
on © | 
=) 
i=) 
ow 
| 
rr 
= 
ve 
i'w) 
— 
> 
an © | 
— 
rr 
=) 
= 
Go 


eer. 6h Ql — (-1)" ama tt 

. u(x, t) = sin— 7 cos sin— x 

“ Trea wv 3 L L 
ts ty = J a nw 

11. u(x, 1) = ie * cos tcos ri 


13. u(L/2, t) = O fort = 0 


15. u(x,t) =e # Sa, COS Gyt + sin at} sin nx, 
n=1 


n 


2 T 
where A, = eal f(x) sin nx dx and g, = Vn? — p? 
0 
19. u(x, ft) = t+ sin x cos at 


1 
21. u(x,t) = mm sin 2x sin 2at 
a 


co ya 
n1 
23. u(x,t) = S (Arcos 2 at 


n=1 
na nit 
+ B,sin aot sin — x, 
iE D 


2° nt 
> [ feosin xa 


where A, = 


aL. I= 
8B, = >= Leesa aL 


nama 
Exercises 13.5, Page 728 
es 1 


2 
1. u(x, y) = . > 


= _. AW 
"=1\" sinh —b 
a 


| f(x)sin a x dx 
0 


ee 
x sinh —y sin —vx 
a a 


| Feosin wm xdx 


tt sinh ay : 
a 
nr nt 
Ve Le ee _ NT 
sinh e (b — y) sin . x 
2 2 I =—(-—1° 


1 
5. 1) Rk? ea : 
ula, ¥) 2 aw £4 n° sinhna 


sinh n7rx cos nary 


2% [1 -(-1" 
2 way =2 >! ely 


n=1 


n 


n coshnx + sinhnx 


, in ny 
n coshnia + sinh ni 


= (A, coshnay + B, sinh nary) sin n7rx, 


n=1 
iH(iy 
nT 


9. u(x, y) = 


where A,, = 200 


[1 — (-1)"] [2 — coshnzr] 
nit sinh n7r 


B, = 200 


11. u(x, y) = 2 $(/ f() sin neds) e ” sin nx 
0 


n=1 


Answers to Selected Odd-Numbered Problems 


= n nN . nw 
13. u(x, y) = S (Arcosn + B, sinh" y) sin % 
n=1 


i) a 
where A,, = | F(x) sin OY dx 
an a 


1 2. (ee 
B,= a (2| g(x) sin aT xdx 
sinh — b o 
a 
— A, cosh ,) 
a 
15. u = u, + uy where 
2—a1-Cl. : 
u(x, y) = = 2 penalaie sinh ny sin nx 
2 2 -= (=1)F 
U(x, y) ~ T 2 n 
sinhnx + sinhn(az — x) . 
x ; sin ny 
sinh na 
17. max temperature is u = 1 
Exercises 13.6, Page 736 
200 2 (-1)" - 1 
1. u(x, t) = 100 + y ( et sin narx 
n=1 
- 
3. ,t) =Uj- = 1I+2 
u(x, t) = Up apr 7 ) S|*+ aa 


x [(-1)" — le" sin narx 


5. u(x,t) = w(x) + sae" sin n77rx, 


n=1 


where w(x) = = [-e ® +(e 8 — 1)x 4+ 1] 


1 
A, = 2| [ f(x) — Wx) sin nx dx 
0 


: 7 c __ sinh re 
pene cre sinh Vh/k 
§ ust) = wo =) 


love) 


cos n7rat sin nx 


M1. u(x, y) = ww uy) y en 


SU ” Sy 


> e sin nary 


13. u(x,t) = (1 — x) sint 


22 —n' nt 


* 25 [er 


— wa cost — sint 
n(nia* + 1) 


| sin nx 


15. u(x,t) = x sint + 25|(S2 2 ae SS = =) 


AA war a(n 


(=1)" : js 
5-5 Sint |sin nix 
ni(n-a — 1) 


xX sinnat — 


el n+l 
17. u(x,t) = > = ye ~* sin nx 


co —-1y : 
++ On 
rain — 3) 


ee ay) 1 na cost + sat 

2 i, = —} — — ———— 
" Ant nea nin +1 

— 2(-1)" Qn | 

x + > Ss ey 

sin narx |? Bat (=1) pr rer 


22 . 
xX eo"! sin nax 


Exercises 13.7, Page 740 
sin a, ae 
1. u(x, t) = 2h Tae" COS A,X, Where 
Zi (A + sin‘a,,) 


the a,, are the consecutive positive roots of cot a = a/h 


SA sinh a,,y sin a,x, where 


n=1 


3. u(x, y) = 


2h “ 
A, = = [Fo sin a,x dx 


sinh a,b(ah + cos’a,a) Jp 


and the a,, are the consecutive positive roots of 
tan aa = —alh 


ae 2 2; —_ 1 
5. u(x,t) = An ghee « in( a ) ax 


where A,, = “il Ft) sin (7% 1) ax dx 


1 
2n— 1 
"(2n — 1) cosh 5 7 


. h 2n — 1 . (2n-1 
cos 5 qx sin 5 Ty 


Exercises 13.8, Page 744 


7. u(x, y) = > 


1. ux, y,) = ys Dn eh +” sin mx sin ny, 


m=l1n= 


where A,» = 


] 


foe) CO 
3. ux,y,)= S SA, sinmxsinny cosaV m? + 771, 
m=l1n=1 


16 Ps , 
= wae (-1)" — 1(-)" — 1 


where A,pn 


nt 
> SA sinh w,,,.Z Sin uel sin — y, 


5. u(x, y, 
: a m=1 n= a b 


V(ma/ay + (nm/by and 


where @n) = 


4 


bra 
mir nw 
Am = ————~ 
on waco | 1 y) sin —— a x sin — b ydxdy 


7. Usea = b=c = 1 with f(x, y) = up in Problem 5 and 
f(x, y) = —up in Problem 6. Add the two solutions. 


Chapter 13 in Review, Page 744 


1 u= cert 


(uy; — Uo) 
3. = + 
W(x) = Uo {ioe 
ni 3nT 
COS > = cos. = 
2h & 4 4 
5. u(x,t) = 
@) wa = n 


X sin naratsin nix 


100.2 1 — (-1)" 
7. u(x, y) = es a 


T & nsinhna 
100 1 — (-1)" 
9. u(x, y) = y oe e sin ny 


TS n 


sinh nx sin ny 


M1. (a) u(x,t) = e ‘sin x 
13. u(x, ft) = apy [ Vn? + 1 cos + It 
+ sin Vr? + If] sin nx 


15. u(x, t) = uy + (uy — Up)x 


cos @ Be 
+ 2(u, — pS et Q,X 
j= a,(1 + cos* a,) 


17. u(x, y) = =x? + mx t+ ae a =] 


(= ni — y) + sinh *) : 

x - sin nx 
sinh na 

qoa'b* TX =. Wy 


19. wx, y) = Dia? + by sin . sin b 


Exercises 14.1, Page 751 
Uy Uy 1 — (-1)" 
1. u(r, 0) = — + 
u(r, 0) 5 os 
Qn? a 1 
3. u(r, 0) = 37 43) sr" cos no 
= 


=1 


Uy Wl . fnar\f{r\" 
; =—+ 
5. u(r, 0) > 7 2 sn( 5 \(4) cos n@ 


7. u(r, 0) = SYA, r?"sin 2nd, 
n=1 


r” sin nd 


2 7/2 
where A, = “al (0) sin 2n dé 
0 
9. u(r, 0) = SAr™ Bsin ao 
n=1 


2 i. ni 
where A, = ——, | (0) sin — 6d0 
Bc"7!8 Jy f B 
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11. u(r, 6) = Ay (2) 
+ >|(2y 7 (2) (A,,cos n@ + B, sin né), 
n=1 r b 
: Asin(2) roan 
“ on \b 2a jy f() 
b\" a\" 1 20 
(2) 7 (5) \Au - = f(@)cos nO dO 
(YG = [rosea 
a b) |" zh, f()sin n 


a sce 
———— (A, cos n@ + B,, sin n6), 


13. u(r, 0) = At > 


20 
where Ay = al (0) dé 
T Jo 
(b™ + a") 1 | as 
- A, = f(@)cos né dé 
b T Jy 
Cae ee | “"pO)sin nO a 
= sin n 
b" T Jo 
7 4 oe) 1 — (-1)" rn _ bh" a n : 
15. u(r, 0) De re er sin nO 


17. u(r, 0) = Aplnr + >) A,(r7" — r-*")cos 278, 
n=1 


”) 1/2 
ae = f(0) a6, 
tn 2 Jo 
4 =/2 
A, = or | F(@)cos 2nd dé 
19. u(r, 0) = Ay + Syr-"(A, cos nb + B,, sin n6), 


where Ay = =—| /f(0)d60 


| 
| is 
— 


n 


nf2u 
A =| f(0)cos no do 
T So 


n [27 
B,=— | f(6)sin nO dO 
T Jo 


Exercises 14.2, Page 758 


wee 2 S sin @,at Ia,r) 
. r,t) = a,r 
i ac oP J,(a,c) °° 
sinha,(4 — z 
3. u(r, Z) = Uo J(anr) 


n=1 Oy, sinh 4a a vi) 


5. u(r,z) = 4 + Denese y= 


a NTT) COS NZ 
By al, (nt ) of ) 


4) = 
7. u(r, Zz) = >> 


sin 
Tm 2n—-1 2 
Qn = Dhl 


Answers to Selected Odd-Numbered Problems 


2n—-1 
‘ge 2n-1 
i TZ 


9. u(r, t) = SA, J(a,re™, 


n=1 


a) Cc 
where A, = oTa,0) | rJ (ann) f(rdr 


lee) 
iW. ur.) = SA Slane, 
n=] 


20° : 
where A,, = ee Iie 5 | rJ(a,r fdr 
AA, 
13. u(r, f) = 100 + 0 = ren) Solaurde 


15. (b) u(x,t) = SA cose aa, 
n=1 


2 VL 
where A, = —~———|__ vJ,(2a,v) f(v”)dv 
LRavbk es 
sinh @,z 
17. u(r, Zz) = ies J\(@,r) 


7a a3J,(a,,)sinh a, 


Exercises 14.3, Page 761 


ie*) 


1. u(r, @) = s0| P(cos 0) + eC none 0) 


-L(4)p n+ E(2)e 0) +- 
16 (cos 0) 32 (COS A) 


3. u(r, 0) = “cos 6 


+ + 
bh" Ws ror 1 


5. u(r, 0) = >A par ipnst — Pa(CO8 8), 


2n+1 _ qt! 


where ~partigntt An 


nt+1{" 
~ 5 | f(O)P,(cos 0) sin 6 dO 
0 


7. u(r, 0) = >)Ay,r?"P,,( cos 8), 
n=0 


1/2 
1 
where A), = | F(O)Po,(cos 8) sin 6 dé 
0 


cn 
200 <2 Ws _ 
: = 100 + —— eat 
9. u(r, t) 00 aa 7 sin nar 
1S nia nia nt 
11. u(r, t) = S (Arcos + B,sin 1) sin 
= Cc c c 


2 c 
where A,, = 2| rf(r) sin — rdr, 
Cy € 


2 ¢ 
B, = | rg(r) sin rdr 
na Jy c 


Chapter 14 in Review, Page 763 
2u2 1- (-1)"[r\' . 
1. u(r, 0) = = eS sin n0 


n=1 n 


4uy & 1 — (-1)" 
3. u(r, 0) = => ‘i ) r”sin n@ 
A= n 


11. 


13. 


15. 


21. 


23. 


. u(r, 0) = Ay + A,r" cos 10, 


n=1 


1 Tv 
where Ay = *| (0) dé 
0 


2 T 
A, = “| f(@)cos né dé 
TC 


Quy & r+ ro 1 — (-1)" 
. u(r, 0) 7 Doe ee ; sin 4n 
u(r, t) = 2e-" S’ ——— J(a,rje~*" 
n=1 a,J (a) 
cosh @,,Z 
u(r, Z) = 30>) Jo(Qnr) 


a, cosh 4a@,,J;(2a@,,) 


3 7 
u(r, 0) = 100 75 TPi(cos 6) - g Palcos 6) 


ll , 
ce 16" Ps(cos 0) + °° 


ce cosha,, 
u(r, z) = 100 + 2005 a_i tag) 


a, cosha,J,(a,,) 


=a,Z 


u(r, 2) = 200) ie eur) 
la 


Exercises 15.1, Page 769 


1. 
9. 


11. 


(a) Let 7 = uv’ in the integral erf (V1). 
y(t) = e™ erf(V 7) 


b a b 0 
Use the property | — | = | + | 
0 0 0 la 


Exercises 15.2, Page 774 


1. 


11. 


amt | TWX 
u(x, t) = A cos sin 
L L 


. ux, =(: = - a: = *) 
2 
. U(x, t) = el: _ =) + Asin of _ =) | 


x 1 
x ee ee ee 2: 
a: =) 5 gt 


_ FoR 7 _ wMhL+L—x 
ue) = a Di v{(1 a ) 


2nL. + = 
ale ESD 
a 


2nL + L +x 2nL +L+x 
t - UW t PA 


. u(x, t) = (t — x) sinh(t — x) W(t — x) 


+ xe “cosht—e “tsinht 


u(x, t) = u, + (Ug — uy) erfe (=) 


13. 


15. 


17. 


19. 


21. 


23. 


u(x, t) = Uo 1 — {ert (5) 
— certo Vi + )}| 


t 
x fi Senge ee 
= —x°/4r 
u(x, t) <| <7 e dt 


u(x, t) = 60 + 40 erfc ( 


x 
~S) W(t — 2) 
u(x, t) = 100 |e 1 “erte(vi + ie —) 


2Vt 
1- x 
+ erfc 
(Oy )| 
U(X, t) = Up + Ue /E gin (Z :) 
ia Qn+1-x 
DH) =uy- —1)"| erfe | ———— 
u(x, t) = Up uo Di( re o( VE ) 


. re(#@ = *)| 
eric: —._ —_ 
2V kt 


RC 
25. u(x, t) = ue Cerf (2 ) 
2 t 
100 r-1 
27. t= rf 
u(r, t) : e of 1) 
29. u(x, t) eto( . ) 
p Ho=u —= 
SN aie? 
Exercises 15.3, Page 781 


1. 


13. 


1 (~ sina cos ax +3(1 —cos a) sin ax 
f@) = a 


a 


. f(x) = | [A(a)cos ax + B(a@)sin ax] da, 
0 


3asin 3a + cos 3a — 1 


where A(q@) = 5 
a 
sin 3a — 3acos 3a 
Bia) = 5 
a 
~ cos ax + asin ax 
4) = a (1 — cos fe sin ax a 
7 
2 {* (wasin wa + cos 7a — 1)cos ax 
. f(x) = 7 da 
7 a 
4 asin Lao 
» f@= sp ae 
2k cos ax 
fx) = Te [ e Ae yg? da 
2 asin ax 
fay = =| peg 
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15. 


17. 


19. 


2 [Soe 
hs f (4+ 2)? 
8 (° asin ax 
Te) | @+ayp™ 
Seo >0 
I) Teg 


F 
Let x = 2 in (7). Use a trigonometric identity and — * 


replace a by x. In part (b) make the change of 
variable 2x = kt. 


Exercises 15.4, Page 786 


1. 


11. 


13. 


15. 


17. 


19. 


21. 


25. 


1 oo e kart = 
u(x, t) = Blea 7m mee da 


17 seosee ow. 
=— 7¢ "da 
TJ).lt+ea 


2up Oo 7 kot 
. U(x, t) = = = sin ax da 


—ko*t 


2 (°1- cosa ; 
. U(x, t) = e sin ax da 
T Jo a 
2 [~ si 2 
. ux, ft) = | a oe ‘cos ax da 
le 
| (a) ua = 
1 [o.e} . t ; 
oa | (Fe cos aat + G(a) saul e'“da 
277 Joo aa 
2 [~ sinha(a — x) 
U(x, y) = ae cos ay da 
7 Jy (1 + a’) sinhaw 


100 {~ si 
u(x, y) = al a € cos ax da 


ve sinh a(2 — y) 


2 
u(x, y) = — I F(a) hon sin ax da 


foe) 


u(x, y) = i i 2 [e “sin ay + e sin ax|da 


ela +4kt) 


1 
Vi1o+ Akt 


u(x, t) = 


a [ e “/4 coshay 
ANTS a _~  cosha 


<n. il [ e “4 cosh ay 
2Var 


29 | ~ I(r) 


T 


—iax da 


cos ax da 


= cosh a@ 


u(r, Zz) = sin a cos az da 


lo alo(ax) 


Answers to Selected Odd-Numbered Problems 


Exercises 15.5, Page 797 


3. 1 
1. 
i 4 1 1 1 4 ¢ 4 
(a pe a ee 
i ff =< = cf = = 
ote ne 2 NEN 
=p af i =i L =i t =i 
peg pg OL ig 2 ape 
i} =f ee: 4 i= = 7 
1 ag ee a a ae 


Chapter 15 in Review, Page 798 


2 co 
1. ux, y) = al 


) a(1 + a’) coshat 


x 
1 we.9 = uate =%) 
u(x, 1) = ue “er aA 


‘ x 
5. u(x,t) = [ ene (=) dt 


sinh ay 


cos ax da 


‘5 © sina(aw — x) + sinax 2, 
7 wei P Uo | ( ) e K@t day 
277 Joo ae 
9. u(x, y) = 
100 [~ /1 — 
| ( cos 2 VLemsin ay + 2e sin ax] da 
7 0 a 


2 (~ B coshay 
11. u(x, y) = ee 
7 Jy \CU + a’) sinhaw 
nee 1 fT cos ax + asin ax 
er 27 Jano l+a@ 
17. u(x,t) = 1+ e* sin 2x 
2 [ fest + hy 
0 «= sinhVa*® + hao 


co 


f(x)sinax dx 


A 
+ ) sin ax da 
a 


eda 


19. u(x, y) = sin ax da, 


7 


where F(a) = | 
0 


—_ x 
21. u(x,t) = 2,/—e*/" — xerfe (=) 
ued) — 2Vi 


] to X/Mt-7) 
| Vt-—T 


or u(x,t) = dt 


Exercises 16.1, Page 806 
1. uy = = Uz, = i 
3 yy Hy = VGN6, te = ty =H 339/16 
5. Up) = Wyo = 12.50, us, = Wy3 = 18.75, U3) = U3 = 37.50, 
Uy, = 6.25, Uy = 25.00, u33 = 56.25 
7. (b) uy4 = Ug, = 0.5427, Ung = Ugn = 0.6707, 
Uz4 = U3 = 0.6402, u33 = 0.9451, uy, = 0.4451 


Exercises 16.2, Page 811 
The tables in this section give a selection of the total number 
of approximations. 

1. 


Time x = 0.25 x = 0.50 x = 0.75 x = 1.00x = 1.25 x = 1.50 x = 1.75 


0.000 1.0000 1.0000 1.0000 1.0000 0.0000 0.0000 0.0000 
0.100 0.3728 0.6288 0.6800 0.5904 0.3840 0.2176 (0.0768 
0.200 0.2248 0.3942 0.4708 0.4562 0.3699 0.2517 0.1239 
0.300 0.1530 0.2752 0.3448 0.3545 0.3101 0.2262 0.1183 
0.400 0.1115 0.2034 0.2607 0.2757 0.2488 0.1865 0.0996 5 
0.500 0.0841 0.1545 0.2002 0.2144 0.1961 0.1487 0.0800 

0.600 0.0645 0.1189 0.1548 0.1668 0.1534 0.1169 0.0631 Time x = 0.25 x = 0.50 x = 0.75 x = 1.00x = 1.25 x = 150 x = 1.75 
ee ee ee 0.00 1.0000 1.0000 1.0000 1.0000 0.0000 0.0000 0.0000 
0.800 0.0387 0.0715 0.0933 0.1009 0.0931 0.0712 (0.0385 Gute NOT! GES. Geol Gene Gras diese. oes 
ee ie ee ie ee ee ee 0.20 0.2409 0.4171 0.4901 0.4620 0.3636 0.2385——0.1145 


1.000 0.0234 0.0432 0.0564 0.0610 0.0564 0.0431 (0.0233 0.30 0.1631 0.2908 0.3592 0.3624 0.3105 0.2220 0.1145 
0.40 0.1181 0.2141 0.2718 0.2840 0.2530 0.1876 0.0993 
3. 0.50 0.0888 0.1625 0.2092 0.2226 0.2020 0.1523 0.0816 


Time x = 0.25 x = 0.50 x = 0.75 x = 1.00x = 1.25 x = 1.50 x = 1.75 0.60 0.0681 0.1253 0.1625 0.1744 0.1597 0.1214 0.0654 
0.000 1.0000 1.0000 1.0000 1.0000 0.0000 0.0000 0.0000 0.70 0.0528 0.0974 0.1268 0.1366 0.1257 0.0959 0.0518 


Diod DALIS. GERTT 07084 O55a7 Oa7KE. OTT. ~@osed 0.80 0.0412 0.0760 0.0991 0.1071 0.0987 0.0754 0.0408 
0.200 0.2430 0.4198 0.4921 0.4617 0.3622 0.2362 ~—0.1132 0.90 0.0322 0.0594 0.0776 0.0839 0.0774 = 0.0592 0.0320 
0.300 0.1643 0.2924 0.3604 0.3626 0.3097 0.2208 0.1136 1.00 0.0252 0.0465 0.0608 0.0657 0.0607 0.0464 (0.0251 
0.400 0.1187 0.2150 0.2725 0.2843 0.2528 0.1871 0.0989 Absolute errors are approximately 1.8 X 10°, 3.7 x 10°, 1.3 x 10°. 


0.500 0.0891 0.1630 0.2097 0.2228 0.2020 0.1521 0.0814 
0.600 0.0683 0.1256 0.1628 0.1746 0.1598 0.1214 0.0653 
0.700 0.0530 0.0976 0.1270 = 0.1369 0.1259 0.0959 0.0518 
0.800 0.0413 0.0762 0.0993 0.1073 0.0989 = 0.0755 0.0408 
0.900 0.0323 0.0596 0.0778 0.0841 0.0776 0.0593 0.0321 
1.000 0.0253 0.0466 0.0609 0.0659 0.0608 0.0465 0.0252 


Absolute errors are approximately 2.2 X 10°, 3.7 X 107°, 1.3 X 10°. 


7. (a) 


Time x=2.00 x=4.00 x =600 x=800 x=1000 x =1200 x=1400 x=16.00 x = 18.00 


0.00 30.0000 ~~ 30.0000 +~—- 30.0000 -~—- 30.0000 ~—- 30.0000 ~— 30.0000 ~— 30.0000 ~— 30.0000 ~—- 30.0000 
2.00 27.6450 29.9037 29.9970 29.9999 30.0000 ~=—-. 29.9999 «29.9970 -—Ss-29.9037 ~—s«-27.6450 
4.00 25.6452 29.6517: 29.9805 29.9991 29.9999 29.9991 29.9805 29.6517 25.6452 
6.00 23.9347 29.2922: 29,9421 29.9963 29.9996 —- 29.9963 29.9421 =. 29.2922 23,9347 
8.00 22.4612 28.8606 29.8782 29.9898 29.9986 29.9898 —- 29.8782 «28.8606 = 22.4612 
10.00 21.1829 28.3831 29.7878 29.9782 29.9964 —-29.9782 29.7878 + ~—s- 28.3831 ~— 21.1829 


(b) 


Time x =5.00 x= 10.00 x = 15.00 x = 20.00 x = 25.00 x = 30.00 x= 35.00 x= 40.00 x = 45.00 


0.00 30.0000 30.0000 30.0000 30.0000 30.0000 30.0000 30.0000 30.0000 30.0000 
2.00 29.5964 = 29.9973 30.0000 30.0000 30.0000 30.0000 30.0000 29.9973 29.5964 
4.00 29.2036 29.9893 29.9999 30.0000 30.0000 30.0000 29.9999 29.9893 29.2036 
6.00 28.8212 29.9762 29.9997 30.0000 30.0000 30.0000 29.9997 29.9762 28.8213 
8.00 28.4490 = 29.9585 29.9992 30.0000 30.0000 30.0000 29.9993 29.9585 28.4490 
10.00 28.0864 =. 29.9363 29.9986 30.0000 30.0000 30.0000 29.9986 29.9363 28.0864 


(ce) 


Time x=2.00 x=4.00 x+=600 x=800 x=1000 x =1200 x=1400 x=16.00 x = 18.00 


0.00 18.0000 32.0000 42.0000 48.0000 50.0000 48.0000 42.0000 32.0000 18.0000 
2.00 15.3312 28.5348 38.3465 44.3067 46.3001 44.3067 38.3465 28.5348 15.3312 
4.00 13.6371 25.6867 34.9416 40.6988 42.6453 40.6988 34.9416 25.6867 13.6371 
6.00 12.3012 = 23.2863 31.8624 = 37.2794 39.1273 37.2794 31.8624 23.2863 12.3012 
8.00 11.1659 21.1877 29.0757 34.0984 35.8202 34.0984 29.0757 21.1877 11.1659 


10.00 = 10.1665 19.3143 26.5439 31.1662 32.7549 31.1662 26.5439 19.3143 10.1665, 


(d) 


Time x= 10.00 x = 20.00 x = 30.00 x = 40.00 x= 50.00 x= 60.00 x= 70.00 x= 80.00 x = 90.00 


0.00 8.0000 16.0000 24.0000 32.0000 40.0000 32.0000 24.0000 16.0000 8.0000 
2.00 8.0000 16.0000 23.9999 31.9918 39.4932 31.9918 23.9999 16.0000 8.0000 
4.00 8.0000 16.0000 23.9993 31.9686 39.0175 31.9686 23.9993 16.0000 8.0000 
6.00 8.0000 15.9999 23.9978 31.9323 38.5701 31.9323 23.9978 15.9999 8.0000 
8.00 8.0000 15.9998 23.9950 31.8844 38.1483 31.8844 23.9950 15.9998 8.0000 
10.00 8.0000 15.9996 23.9908 31.8265 37.7498 31.8265 23.9908 15.9996 8.0000 
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Answers to Selected Odd-Numbered Problems 


9. (a) 
Time x =2.00 x=400 x=600 x=800 x=10.00 x=12.00 x=1400 x=16.00 x = 18.00 


0.00 30.0000 30.0000 30.0000 = 30.0000 30.0000 30.0000 30.0000 30.0000 30.0000 
2.00 27.6450 29.9037 29.9970 29.9999 30.0000 30.0000 29.9990, 29.9679 29.2150 
4.00 25.6452 29.6517 29.9805 29.9991 30.0000 29.9997 29.9935 29.8839 28.5484 
6.00 23.9347 = 29.2922 29.9421 29.9963 29.9997 29.9988 29.9807 29.7641 27.9782 
8.00 22.4612 28.8606 29.8782 29.9899 29.9991 29.9966 29.9594 29.6202 27.4870 
10.00 = 21.1829 =. 28.3831 29.7878 29.9783 29.9976 29.9927 29.9293 29.4610 27.0610 


(b) 
Time x =5.00 x= 10.00 x = 15.00 x = 20.00 x = 25.00 x= 30.00 x= 35.00 x= 40.00 x = 45.00 


0.00 30.0000 — 30.0000 30.0000 30.0000 30.0000 30.0000 30.0000 30.0000 30.0000 
2.00 29.5964 29.9973 30.0000 30.0000 30.0000 30.0000 30.0000 29.9991 29.8655 
4.00 29.2036 = 29.9893 29.9999 30.0000 30.0000 30.0000 30.0000 29.9964 29.7345 
6.00 28.8212 29.9762 29.9997 30.0000 30.0000 30.0000 29.9999 29.9921 29.6071 
8.00 28.4490 = 29.9585 29.9992 30.0000 30.0000 30.0000 29.9997 29.9862 29.4830 
10.00 = 28.0864 =. 29.9363 29.9986 30.0000 30.0000 30.0000 29.9995 29.9788 29.3621 


(c) 
Time x =2.00 x=400 x =600 x =800 2x=1000 x =12.000 x =1400 x =16.00 x = 18.00 


0.00 18.0000 32.0000 42.0000 48.0000 50.0000 48.0000 42.0000 32.0000 18.0000 
2.00 15.3312 28.5350 38.3477 = 44.3130 46.3327 44.4671 39.0872 31.5755 24.6930 
4.00 13.6381 25.6913 34.9606 40.7728 42.9127 41.5716 37.4340 31.7086 25.6986 
6.00 12.3088 23.3146 31.9546 37.5566 39.8880 39.1565 36.9745 31.2134 25.7128 
8.00 11.1946 = 21.2785 29.3217 = 34.7092 37.2109 36.9834 34.5032 30.4279 25.4167 
10.00 = 10.2377 19.5150 27.0178 32.1929 34.8117 34.9710 33.0338 29.5224 25.0019 


(d) 
Time x= 10.00 x = 20.00 x = 30.00 x = 40.00 x = 50.00 x= 60.00 x= 70.00 x= 80.00 x = 90.00 


0.00 8.0000 16.0000 24.0000 32.0000 40.0000 32.0000 24.0000 16.0000 8.0000 
2.00 8.0000 16.0000 23.9999 31.9918 39.4932 31.9918 24.0000 16.0102 8.6333 
4.00 8.0000 16.0000 23.9993 31.9686 39.0175 31.9687 24.0002 16.0391 9.2272 
6.00 8.0000 15.9999 23.9978 31.9323 38.5701 31.9324 24.0005 16.0845 9.7846 
8.00 8.0000 15.9998 23.9950 = 31.8844 38.1483 31.8846 24.0012 16.1441 10.3084 
10.00 8.0000 15.9996 23.9908 31.8265 37.7499 31.8269 24.0023 16.2160 10.8012 


11. (a) (x) = 5x + 20 
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(b) 

Time x = 4.00 x = 8.00 x = 12.00 x = 16.00 

0.00 50.0000 50.0000 50.0000 50.0000 

10.00 32.7433 44.2679 45.4228 38.2971 

20.00 29.9946 36.2354 38.3148 35.8160 Exercises 16.3, Page 814 

30.00 26.9487 32.1409 34.0874 32.9644 1. (a) Time x=025 x=050 x=0.75 

50.00 24.1178 27.4348 29.4296 30.1207 

70.00 22.8995 25.4560 27.4554 28.8998 0.00 0.1875 0.2500 0.1875 

90.00 22.3817 24.6176 26.6175 28.3817 0.20 0.1491 0.2100 0.1491 

110.00 22.1619 24.2620 26.2620 28.1619 0.40 0.0556 0.0938 0.0556 

130.00 22.0687 24.1112 26.1112 28.0687 0.60 0.0501 0.0682 0.0501 
150.00 22.0291 24.0472 26.0472 28.0291 0.80 0.1361 0.2072 0.1361 
170.00 22.0124 24.0200 26.0200 28.0124 1.00 0.1802 0.2591 0.1802 
190.00 22.0052 24.0085 26.0085 28.0052 
210.00 22.0022 24.0036 26.0036 28.0022 . 
230.00 22.0009 24.0015 26.0015 28.0009 (b) Time x=0.4 Ne Sew ee 
250.00 22.0004 24.0007 26.0007 28.0004 0.00 0.0032 0.5273 0.5273 0.0032 
270.00 22.0002 24.0003 26.0003 28.0002 0.20 0.0652 0.4638 0.4638 0.0652 
290.00 22.0001 24.0001 26.0001 28.0001 0.40 0.2065 0.3035 0.3035 0.2065 
310.00 22.0000 24.0001 26.0001 28.0000 0.60 0.3208 0.1190 0.1190 0.3208 
330.00 22.0000 24.0000 26.0000 28.0000 0.80 0.3094 —0.0180 —0.0180 0.3094 
350.00 22.0000 24.0000 26.0000 28.0000 1.00 0.1450  —0.0768  —0.0768 0.1450 


Answers to Selected Odd-Numbered Problems 


Time x=01 vx =02 x=03 vx =04 2x =05 24+ =06 xX =0.7 x =08 x =0.9 
0.00 0.0000 0.0000 0.0000 0.0000 0.0000 0.5000 0.5000 0.5000 0.5000 
0.12 0.0000 0.0000 0.0082 0.1126 0.3411 0.1589 0.3792 0.3710 0.0462 
0.24 0.0071 ~=—0.0657 Ss «(0.2447 —Ss«0.3159 0.1735 «0.2463» 0.1266 —0.3056 —0.0625 
0.36 © 0.1623. «0.3197 0.2458 ~— 0.1657 «0.0877 —0.2853  —0.2843  —0.2104 —0.2887 
048 0.1965 0.1410 0.1149 0.1216 -—0.3593 —0.2381 —0.1977 —0.1715 0.0800 
0.60 0.2194 0.2069 —0.3875 —0.3411 —0.1901 —0.1662 —0.0666 0.1140 —0.0446 
0.72 —0.3003 -—0.6865 —0.5097 —0.3230 —0.1585 0.0156 0.0893. _—0.0874 0.0384 
0.84 —0.2647 —0.1633 —0.3546 —0.3214 —0.1763 —0.0954 —0.1249 0.0665 —0.0386 
0.96 0.3012 0.1081 0.1380 0.0487 -—0.2974 -—0.3407 —0.1250 —0.1548 0.0092 
3. (a) 
Time x=0.2 x=04 x = 0.6 x = 0.8 (b) x =0.20 x = 0.40 x = 0.60 x = 0.80 
0.00 0.5878 0.9511 0.9511 0.5878 0.2000 0.4000 0.6000 0.8000 
0.10 0.5599 0.9059 0.9059 0.5599 0.2000 0.4000 0.6000 0.8000 
0.20 0.4788 0.7748 0.7748 0.4788 0.2000 0.4000 0.6000 0.5500 
0.30 0.3524 0.5701 0.5701 0.3524 0.2000 0.4000 0.5375 0.4250 
0.40 0.1924 0.3113 0.3113 0.1924 0.2000 0.3844 0.4750 0.3469 
0.50 0.0142 0.0230 0.0230 0.0142 0.1961 0.3609 0.4203 0.2922 
(b) (c) Yes; the table in part (b) is the table in part (a) 
Time x=0.2 x= 0.4 x = 0.6 x= 08 shifted downward. 
0.00 0.5878 0.9511 0.9511 0.5878 . 
0.05 0.5808 0.9397 0.9397 0.5808 Exercises 17.1, Page 823 
0.10 0.5599 0.9060 0.9060 0.5599 1.343; 3 1 5 7 = 133 
0.15 0.5257 0.8507 0.8507 0.5257 , : 
0.20 0.4790 0.7750 0.7750 0.4790 1-7 + 5k 9. 11 — 10% WW. 35 + 12i 
0.25 0.4209 0.6810 0.6810 0.4209 13. —2i 15. -) = yi 171. 8-i 
0.30 0.3527 0.5706 0.5706 0.3527 ae cae 
0.35 0.2761 0.4467 0.4467 0.2761 19. 35 — 371 21. 20i 23. 5 + Si 
0.40 0.1929 0.3122 0.3122 0.1929 : 9. ae 
0.45 0.1052 0.1701 0.1701 0.1052 25. 330 + iol 27. xl + y’) 
0.50 0.0149 0.0241 0.0241 0.0149 
29. —2y—4 a1. Via — 1? + (y - 3? 
5. Bx= yl om 2+ M,-V- Mj 
Time x= 10 x = 20 x = 30 x = 40 x = 50 I 7. . 
37. z= —39 + jp 39. 11-6: 
0.00000 0.1000 0.2000 0.3000 0.2000 0.1000 
0.60134 0.0984 0.1688 0.1406 0.1688 0.0984 . 
1.20268 0.0226  —0.0121 0.0085  —0.0121 0.0226 Exercises 17.2, Page 827 
1.80401 —0.1271 0.1347 0.1566  —0.1347 —0.1271 1. 2(cos 0 + isin 0) or 2(cos 27 + isin 27) 
2.40535 —0.0920 —0.2292 -0.2571  —0.2292 —0.0920 
3.00669 0.0932 —0.1445 —-0.2018  —0.1445  —0,0932 23a Br 7 a 
3.60803  —0.0284  —0.0205 0.0336  —0.0205  —0.0284 3. 3| cos — + isin — 5. V2{(cos — +i sin — 
4.20936 0.1064 0.1555 —0.1265.—Ss«.1555—«0.1064 2 2 at 
4.81070 0.1273 0.2060 0.2612 0.2060 0.1273 5 
. 2 OW 
5.41204 0.0625 0.1689 0.2038 0.1689 0.0625 iS asg 2 eee 
6.01338 0.0436 0.0086  —0.0080 0.0086 0.0436 6 6 
6.61472 —0.0931 —0.1364 0.1578  —0.1364  —0,0931 
7.21605  —0.1436  —0.2173 —0.2240  -0.2173 —0.1436 3/2 Sar Sa 
7.81739  —0.0625  —0.1644  -0.2247 -0.1644  —0.0625 9. cos —— + isin — 
8.41873  —0.0287  —0.0192 —0.0085  —0.0192 —0.0287 2 bs 4 
9.02007 0.0654 0.1332 0.1755 0.1332 0.0654 a6. Ss, : 
9.62140 0.1540 0.2189 0.2089 0.2189 0.1540 1. —y 31 13. 5.5433 + 2.29611 
. V2 _ V2. 
Note: Time is expressed in milliseconds. 15. 817; 4 4! 
Chapter 16 in Review, Page 815 17. 30V2 [cos(252/12) + i sin(257/12)]; 
1. uy, = 0.8929, uy, = 3.5714, uz, = 13.3929 40.9808 + 10.9808: 
3. (a) x=0.20 x = 0.40 x = 0.60 x = 0.80 ae ; 
(a) 19. a [cos(—m/4) + isin(—7/4)]; 4 —4i 
0.2000 0.4000 0.6000 0.8000 
0.2000 0.4000 0.6000 0.5500 1. —512 sy 5. —i 
0.2000 0.4000 0.5375 0.4250 
0.2000 0.3844 0.4750 0.3469 27. w) = 2,w, = -1 + V3i,w, = -1 —V3i 
0.1961 0.3609 0.4203 0.2922 
0.1883 0.3346 0.3734 0.2512 29. Wy = v2 4 v2 iw, = =a = V2 j 


Answers to Selected Odd-Numbered Problems 
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i. wy = 2 + ke Se = Exercises 17.4, Page 834 


1. 


3 +@a1+),+2a0-d) 
13 13 
35. 32 cos + isin 7) 16V3 + 16: 


37. cos 26 = cos*@ — sin?0, sin 26 = 2 sin 6 cos 6 


Exercises 17.3, Page 830 


1 oyh 3. yh 
he ak Un ee eae Gat eee 
ae x=. cls 
[ NY 
p44 t4— x t = 
Spe 
5. y soy 
Be fe 
tt 
+ 7. f(z) = (6x — 5) + i(6y + 9) 
9. domain 11. domain 9. f@) = ( — y ? — 3x) + iRxy = sy #4) 


y 7 11. f(z) = Ge — 3xy’ — 4x) + i(3x’y — y’ - 4y) 


OO x y 
i: 13. f(z) = (: + aa =) + (y _ i s) 
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St} t+ x 7 
tr 15. 4453-92 1 + 86: 
ie 
+ 17. 14 — 20i; —13 + 431; 3 — 267 19. 6—5i 
21. —4i 2. 122 = (6 +2)<c=5 
13. domain 15. not a domain ' ot ee 
r = oe 29. 622 — 142-4+16i 31. 62(z? — 4) 
| 
T 8 — 137 
t+ fy 33, ———{ 35. 3 97. 2i, —2i 
a | (2z + i) 
H+++4 . : ; 
al a id y M1. x(t) = c,e” and y(t) = c,e”; the streamlines lie on lines 
+ | | . 7 through the origin. 
Yl 43. y = cx; the streamlines are lines through the origin. 
17. not a domain 19. domain 45. 
y y 
Fe YN 
(4+. 
SF _F 
21. domain 
y 
+ Exercises 17.5, Page 839 
ae, 15. a=1,b=3 
é f + ‘ 4 21. f'(z) = e' cosy + ie‘ siny 
ape i] s 
an » 2. fi=xtiiy +O 
ye al 25. f(z) =r —y + iQxy + C) 


: _ ¥ 
: _— 2, + 2 + ds + 
23. the line y = —x 25. the hyperbola x? — y’ = 1 a. a) = Neg, 0eor yy (2 aa c} 


Answers to Selected Odd-Numbered Problems 


29. 


u=Cy 
31. the x-axis and the circle Izl = 1 


Exercises 17.6, Page 845 


4, 4 hi 3. e (32 + ¥i) 
5. —e7 7. —1.8650 + 4.0752i 
9. 0.2837 — 0.9589i 11. —0.9659 + 0.2588i 


13. e (cos x — isin x) 

15. e* (cos 2xy + isin 2xy) 

23. 1.6094 + i(a@ + 2n7r) 

25. 1.0397 + i(37/4 + 2nz7r) 

27. 1.0397 + i(a/3 + 2n7) 

29. 2.1383 —(7/4)i 31. 2.5649 + 2.7468: 


33. 3.4657 — (77/3)i 35. 1.3863 + i(a/2 + 2n7) 


37. 3 + i(—7/2 + 2n7) 39, e287 
M1. e 2"7(0.2740 + 0.58371) 43. 
47. no; no; no 


Exercises 17.7, Page 848 
1. 10.0677 3. 1.0911 + 0.83107 
5. 0.7616i 7. —0.6481 9. —1 

11. 0.5876 + 1.33637 

15. 7/2 + 2nm — ilog.(2 + V3) 

7. (—a7/2 + 2n7)i 19. 7/4 + ni 

21. 2n7 + 21 


Exercises 17.8, Page 851 
1. nz + (-1)"*lilog, + V2) 3. nT 
5. 2na + ilog(2+V3) 7. +a/3 + 2nd 
9. 7/4 + nT 11. (—1)" log, 3 + nai 


Chapter 17 in Review, Page 851 


1. 0; 32 3. -% 5. 4 7. false 
9. 0.6931 + i(m7/2 + 2n7) 11. —0.3097 + 0.8577: 
13. false 15,3 — at 17. 58 — 4i 
19. —8 + 81 
21. y \ 23. y 

x x 


> 


25. an ellipse with foci (0, —2) and (0, 2) 
27. 1.0696 — 0.21271, 0.2127 + 1.0696i, 
—1.0696 + 0.2127i, — 0.2127 — 1.0696: 
29. Si 31. the parabola v = u* — 2u 


33. 1, -1 35. pure imaginary numbers 
37. f'(2) = (—2y — 5) + 2xi 
Exercises 18.1, Page 858 


1. —28+84i 3. —48 4+ 3%; 5. (2 + mi 
7. wi 9 -b+ pi 11. —e-1 
3 
Qos] 45.0 17. 4i 19. 0 
2 4 sess 
(A 
a. 4 —3i 2.¢= 3) 7 
27. 6V2 31. —11 + 387;0 


33. circulation = 0, net flux = 47 
35. circulation = 0, net flux = 0 


Exercises 18.2, Page 862 


9. 271 1. 277i 13. 0 

15. 27i;471;0 17. —877i; —677i 

19. —a7(1 +i) 21. —4ai 23. —677i 
Exercises 18.3, Page 867 

1. 2i 3.48 +246 56+ %i 7.0 

1 1 
9 -~-F u.-—- Wi 13. 2.3504i 
T T 

15. 0 17. wi 19. 51 

21. 11.4928 + 0.9667: 23. —0.9056 + 1.7699: 
Exercises 18.4, Page 873 

1. 877i 3. —27i 5, —7(20 + 81) 
7. —20; 27 9. —87 1. —27e'i 
13. tari 15. —Sai; —5ari; 977i; 0 
17. —7(3 + i); 73 + i) 19. (3 + 12i) 

21. 0 23. —Ti 
Chapter 18 in Review, Page 874 

1. true 3. true 5. 0 7. (67 — i) 
9. true 11. Oifn 4 —1, 27iifn = —1 

13. —3 15, 38 + 8; 17. 0 

19. —14.2144 + 22.9637: 21. 2a 

23. —Sai 25. 2ai 21. 20 29. 2n7i 


Exercises 19.1, Page 882 
1. Sip =5,.—5i,.5, 51 3. 0, 2, 0, 2,0 
5. converges 7. converges 9. diverges 
11. lim, 4s. Re(z,) = 2 and lim, ,. Im(z,) = 3 
13. The series converges to 1/(1 + 2i). 
15. divergent 
17. convergent, — + 2i 
19. convergent, 2 — ¥i 
a1. Iz — 2 =V5,R= V5 
23. Iz-—1-—i=2,R=2 
25. Iz — il = 1/V10, R = 1/V/10 
27. Iz — 4 — 3il = 25, R = 25 
29. The series converges at z = —2 + i. 
Exercises 19.2, Page 886 


ee) 


Sty ea 1 
k 


=1 


3. S(- 1) 'k(2z) 1 R= 5 
k=1 


Answers to Selected Odd-Numbered Problems 
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00 —-1* 
5. »> = (2z), R = 00 
Fore! 
oe) kel 
7. —___ R= 
2 Get 1)! 
oe) —-1* 2k 
. (z) R= co 
Fear ee Ae 
~ Gly 4k +2 
11 Ke 
2 at ie ee 
2 SCVe=DVER=1 
k=0 
x (z — 2i)* 
15 ,R=VB 
XG 2iy*! 
ed) _ 1)¥* 
nS! eH=0 
t=1 2 
V2 V2 ( =) V2 ( zy 
19 = ZT - ZT 
2 2! 4 2-2! 4 
n 2 ( _ zy ieaesh 
cs ane = 
2 (z — Bi) 
21 Eee -s 
k=0 k! 
B.2+ar tae + 
ao ++ pa bi 34 05R=1 
"2 @i*” GH * Qa** 
27. 2V5 


2. >(-D'@ + DER = 1; 
k=0 


2 Cy, 
2 Bp ye — R= V5 


31. (a) The distance from Zp to the branch cut is | unit. 
(c) The series converges within the circle 
Iz + 1 — il = V2. Although the series converges 
in the shaded region, it does not converge to (or 
represent) Ln z in this region. 


©) 
2 = (aii 
"Va Hy (2k + Iki * 


2k+1 


33. 1.140.127 35 


Answers to Selected Odd-Numbered Problems 


Exercises 19.3, Page 894 


.-- +7 -2 4+. 


[eg2) Deg? 3y-g6 
=i —1y 
e 5 Vig BO Wa 


3g 32H 

1 1 —3 — 3y 
9. ~ 32 oS ae ee 
3(z-— 3) 3 3 3 

1 1 1 <-4 
pe + -—+ 
372-4 3(2-4 12 3-4 
gay 


=—l@G=1=—@= l= 
ig =<] 
1 2 267) 26717 _.. 
"372+1) 3? Sg 34 
1 t. 2 Z e 


1 
21. tet 3zt art 
1 
23. Fag 73+ Oe — 2) — 10@ — 2) + -- 
— 


3 
25. po ee 
2 2 
+ “ta a 
g=1y: @eH1y- 2-4 
Exercises 19.4, Page 897 


1. Define f(0) = 2. 
3. —2 + iis a zero of order 2. 
5. —iand are zeros of order 1; 0 is a zero of order 2. 
7. 2n7i,n = 0, £1,..., are zeros of order 1. 
9. order 5 11. order 1 
13. —1 + 2i are simple poles. 
15. —2isasimple pole; —i is a pole of order 4. 
17. (2n + 1)7/2,n = 0, +1, ..., are simple poles. 
19. Ois a pole of order 2. 
21. 2n7i,n = 0, +1,..., are simple poles. 
23. 0 is aremovable singularity; 1 is a simple pole. 
25. nonisolated 


Exercises 19.5, Page 902 
1. 3 3. -3 5. 0 
7. Res(f(z), —4i) = 5, Res (f(2), 4i) = 5 
9, Res(f(z), 1) = 5, Res(f@), —2) = —7z, 
Res (f(z), 0) = —4 
11. Res(f(z), —1) = 6, Res (f(z), —2) = —31, 
Res (f(z), —3) = 30 
13. Res(f(z), 0) = —3/1*, Res (f(z), 7) = (7 — 6)/2774 
15. Res(f(z), (2n + 1/2) = (-1)"*!,n = 0, £1, £2,... 
17. 0;271/9;0 = 19. ari; ari; 0 21. 7/3 


peli ed) 


23. 0 25. 2micoshl 27. —4i 29. 6: 
jy 
iat a oma | 
4° 3 


Exercises 19.6, Page 908 


1. 47/V3— 3.0 5. r/V3 7. 7/4 


9. 7/6 1. 7 13. 77/16 15. 37/8 
17. 7/2 19. 7/V2 1. re! 23. wre! 
3 ae V2 V2 
25. 7 7 cos V2 + sin V2 

a ava | ) 


re € - ") 
, 8\ 3 


Chapter 19 in Review, Page 908 


1. true 3. false 5. true 7. true 
1 
j= 11. jz — ij] = V5 
T 
x (V2) cos (kar oles 
13. + oe 
a a a a ee 
"3 Qe?" Ble alt” 
dt 1 
Ws + - +(-i 
Sic 3i@-y 
19 24 , 26 24 we 
= 9° 7° ; 
i Soe Se eee, See 
a 2 z 3 32 33 2 
2,8, %6 
gc © : 
ed (z - 17 
g= 1 2 2? 2? 
40477 2a 
21. 23: Sk 
81 V/3 
25. (7 + me’ cos 2)i 21. —77i 
On? + 2 
2, Tj 31. 77/50 
T 
- (= - oN?) 
ae MN ge a, oS 
12 — 7V3 
Exercises 20.1, Page 915 
1. the line v = —u 3. the line v = 2 


5. open line segment from 0 to wi 
7. the ray 0 = 436, 9. the line vu = 1 
11. the fourth quadrant 
13. the wedge 7/4 = Arg w S$ w/2 
15. the circle with center w = 4/ and radius r = 1 
17. the strip -l =u =0 
19. the wedge 0 = Arg w S 37/4 
a. w= -iz-i=-iz-1 
23. w= 2(z- 1) 2. w= —z4 
27. w =e? 2. w=-zti 
Exercises 20.2, Page 920 
1. conformal at all points except z = +1 
3. conformal at all points except z = wi + 2n7ri 
5. conformal at all points outside the interval [—1, 1] on 
the x-axis 


7. The image is the region shown in Figure 20.2.2(b). A 
horizontal segment z(t) = t + ib,0 <t< 77, is mapped 
onto the lower or upper portion of the ellipse 


u ve 


+ _ 
cosh’b — sinh’b 
according to whether b > Oorb <0. 
9. The image of the region is the wedge 0 S Argw S$ 7/4. 
The image of the line segment [— 77/2, 77/2] is the union 
of the line segments joining e’”* to 0 and 0 to 1. 
11. w = cos(7z/2) using H-4 


13. 


B’ =eial4 


m/z —am/z\ 1/2 
el’ =F é : 
15. w= (<=) using H-6 and w = 2!” 
ete —e m/z 
v 
A’ 
R 
Bi 
Cc’ -——————_u 


17. w = sin(—iLn z — 7/2); A'B’ is the real interval 
(—oo, —1]. 


1 
19. w= 7 Arg’) or u(r, 0) = — 


1 i= 1 =a" = 37 
21. u = Ars(i :) = wan( : ) 
7 1+2z 7 2y 


1 
233. u = |, Arg(c* — 1) — Arg(?? + 1] 


10 
25. u = os [Arg(e™* — 1) — Arg(e” + 1)] 


Exercises 20.3, Page 927 
1. T(0) = co, T(1) = i, T(co) = 0; Iwl = | and the line 
v= 5; lwl = 1 
3. 7(0) = —1, T(1) = oo, T(co) = 1; the line uv = 0 and 
the circle lw — 1| = 2; the half-plane u = 0 
—-w-1 wt l 


a eg ae 
t+ pz =-1 
sr) = EEE a 
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—-wt2 w-2 3 
7S! = = ,S OT =— 
SW yo EO, 

Ze ll 2z 
2 w= "Ww = ———— 
" Z=2 =n 

iz-l 
13. == 
- 2 2 

1+ a)z+1-i 

5, w= 3— ) 


(-3 + 5D)z = 3 = Si 
= 1 l z 
log,2 OE el 


17. u 


+2 
= The level curves are the images 


of the circles lwl = r, 1 < r < 2, under the linear frac- 
tional transformation T(w) = (w + 2)/(w — 1). Since 
the circles do not pass through the pole at w = 1, the 
images are circles. 

19. Construct the linear fractional transformation that sends 
1,i, -ito0,1, -1. 


21. Simplify 7,(T,\(2)) = 


Exercises 20.4, Page 931 


1. first quadrant 
3. v 


u 


0 


5. f'(2) = A(z + 1) 17z!?(z — 1)? for some constant A 


7. f'(2) =A + 1) "32"! for some constant A 
9. Show that f’(z) = and conclude that 


f(z) = cosh 'z. 

11. Show that f’(z) — A/z as w; > co and conclude that 
f@@ =Lnz 

13. Show that f’(z) > A(z + 1)71?2(z — 1)? = 
Azl(2 — 1)!" as u, > 0. 


Exercises 20.5, Page 935 


; = 4 are(—+) - Lars(—) 
ae Zz T ree 
5 1 Zz 
— i —4 — + — 
lt Arg(z — 1)] * are(—2-) 
1 +1 
Bere 
T go 2 
ee = 
5. u = af ae ton(2 
T » 


x-1P 4+ y 
+ vtoe,|' = =} 
x+y 


== 
(2? _ 1)? 


~ 
= 
| 


)-=() 


1 zl 5) 5 
Ze + 
ou * are( 2 ) + marae ics 1) 


Answers to Selected Odd-Numbered Problems 


1 d= de— (1 +a) 
| Ree ) 


1 ( 1-z ) 
— — Arg : : 
7 =“1+az+t1l=i 


11. u(0, 0) = $, u(—0.5, 0) = 0.5693, u(0.5, 0) = 0.1516 


T 


1 ; 
13. Show that u(0, 0) = —— | u(e") dt. 
20 Jo 


15. u(r,0)=rsind+rcos@ or u(x,y)=xt+y 


Exercises 20.6, Page 940 
1. g(z) = e is analytic everywhere and G(z) = ez 
is a complex potential. The equipotential lines are the 
lines x cos 0) + y sin 0 = c. 
y 


3. g(z) = I/zis analytic for z # 0 and G(z) = Ln zis 
analytic except for z = x = 0. The equipotential lines 
are the circles x7 + y* = e”*. 


4 4 4 
5. p = — Arg zor P(r, 8) = — 6, and Gz) = — Ln zisa 


complex potential. The equipotential lines are the rays 


_7 4 x y 
d= 4 cand F = a —) 


7. The equipotential lines are the images of the rays 
6 = 6, under the successive transformations £ = w!”? 
and z = (€ + 1)(—¢ + 1). The transformation ¢ = w!? 
maps the ray 8 = @) to the ray @ = 6,/2 in the ¢-plane, 
and z = (¢ + 1)((—¢ + 1) maps this ray onto an arc of 
a circle that passes through z = —1 andz = 1. 


9. (a) w(x, y) = 4xy(x* — y’) or, in polar coordinates, 
W(r, 0) = r' sin 40. Note that ys = 0 on the bound- 
ary of R. 


(b) V = 473 = 40° — 3xy’, y* — 3x°y) 


11. (a) W(x, y) = cos x sinh y and & = 0 on the boundary 
of R. 


(b) V = cos z = (cos x cosh y, sin x sinh y) 


a 


ot i 
2 2 
13. (a) W(x, y) = 2xy — oe sy or, in polar coordinates, 
W(r, 0) = (r — 1/r’) sin 20. Note that ys = 0 on 
the boundary of R. 
(b) V = 22 - 2/23 
(ec) y 


— 


1 
15. (a) f() = ai ~ a log.le + 11+ log|t — 11 


+iArg(t+ 1) + iArg(t — 1)] and so 


0, t<-l 
Im(f() = 47/2, -1<t<1 
TT, t> 1. 


Hence, Im(G(z)) = W(x, y) = 0 on the boundary 
of R. 


x = —3[log lt + 1 + icl + log,|t — 1 + icl] 


y= —4[Arg(t + 1 + ic) + Arg(t — 1+ ic)], 
forc >0 


(b 


~ 


y=n/2 


x 


17. (a) f(t) = Gs — 1)? + cosh! 1) = Ge — 
+ Ln(t + (t? — 1)"”)) and so Im(f(d) = 


I, $2 -! dpe) —0tor-1 71 
0, 1>1 and Re(f(‘)) = 0 for 2 


Hence, Im(G(z)) = (x, y) = 0 on the boundary 
of R. 


(b) x = Re E (« + ic? — 1)? + cosh" (t + io) 
y= im| 4 (« + ic)? — 1)? + cosh (t + io) 


(c) y 


0 x 
19. z = 0 in Example 5; z = 1, z = —1 in Example 6 
21. The streamlines are the branches of the family of 
hyperbolas x* + Bxy — y’ — 1 = 0 that lie in the first 
quadrant. Each member of the family passes through 
(1, 0). 
23. Hint: For z in the upper half-plane, 


k{Arg(z — 1) — Arg(z + 1] = k Arg (2 % 7) 


Chapter 20 in Review, Page 942 


1.v=4 3. the wedge 0 = Arg w S 27/3 
5. true 7. 0, 1, 00 9. false 
11. The image of the first quadrant is the strip 0 < v < 7/2. 
Rays 0 = 6) are mapped onto horizontal lines v = 
in the w-plane. 


i — COS 7Z 
B. w= 
i + cos 7z 
v 
A 
u 
1 
B’ 
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15. 
17. 


19. 


u = 2 — 2yl(x’ + y’) 

(a) Note that a, > 0, a7 > 27, and a; > 0 as 
Uy > 00. 

(b) Hint: Write f(t) = 5 A[log,It + 11 + log,It — 11+ 
iArg(t+1)+iArg(t— 1)] + B. 

G(z) = f(z) maps R to the strip 0 < v S a, and 

U(u, v) = v/7r is the solution to the transferred bound- 

ary problem. Hence, ¢(x, y) = (1/7)Im(G(z)) = 

(1/77) W(x, y), and so the equipotential lines d(x, y) = c 

are the streamlines w(x, y) = c7. 


Answers to Selected Odd-Numbered Problems 


Appendix II Exercises, Page APP-5 


1. 24; 720; 4.V77/3; —8 V7r/15 
1 
5. T(x) > | 


0 
Asx—> 0%, I/x > 00. 


1 


tte dt >e! | 


0 


3. 0.297 


t ldt = 


= 
xe 


for x > 0. 


|| Differentiation Rules 


1. Constant: i =0 
dx 


d 
3. Sum: Ae [Ax) + g@] =f’) + e'@ 


d fix) _ sof’ — fg’ 


5. tient: 
Quotien di 


d 
7. Power: — x” = nx"! 
dx 


I| Derivatives of Functions 


Trigonometric: 
9, —sinx = cosx 
dx 
12. —cotx = —csc*x 
dx 


Inverse trigonometric: 


1 
15. —sin"!x = 
a 1— x? 
d 1 
18. —cot™! x = — 
dx oe tea 
Hyperbolic: 


21. Lae = cosh x 
dx 


d 

24. —cothx = —csch?x 
dx 

Inverse hyperbolic: 


d 
27. —sinh7! x = 
dx 


d _ 
30. oe y= io 


Exponential: 
d . 
33. ao = e” 


Logarithmic: 


d 1 
35. ae el = *% 


Of an integral: 


37. al g(t) dt = g(x) 


XJa 


[ga 


10. 


13. 


16. 


19. 


d 
2. Constant Multiple: at = cf'(x) 
x 


d 
4. Product: x fog) = fs") + ga) f'Cd) 


d 
6. Chain: . f(gx)) = f'(g@))g'(x) 


d 
8. Power: es Lg(x)]" = n[g@]""'s'@) 
‘xX 


d : 

—cosx = —sinx 

dx 

d 

— sec x = sec x tan x 

dx 

@ 4 1 

— Cos - = = 

dx V1 - x 
1 

ly 


d = 
— sec 3 SS 
dx |x| V xr) 


22. eins = sinh x 
dx 
d 
25. —sechx = —sech x tanh x 
dx 
1 
28. S  eoghets = 
dx x-1 
31. —sech !x = — 
d. V1 — x? 
d.. 
34. — b* = b*(inb) 
dx 
d 1 
36. —1 = 
dx ©?* ~ x(n B) 
d b Pa 
38. | g(x, t) dt = | — g(x, t) dt 
dx), la OX 


11. —tanx = sec?x 
14. — csc x = —csce xcotx 
dx 
d i 
17. tan’! x = 5 
dx 1+x 
d 1 
20. —csc-!x = -—————— 
dx |x| Vx7- 1 


d 
23. — tanh x = sech*x 
dx 


d 

26. —cschx = —csch x cothx 
dx 
d -1 

29, — tanh © x = ——, |x| < 1 
dx L= x 
d 1 

32. —csch ! x = —-—————— 
dx |x| Vert 1 


I| Integration Formulas 


n+l 

1. [urdu = SC ps 
n+1 

3. “du=e"+C 

5. | sinudu = —cosu + C 

7. |sec? udu = tanu + C 


I 
w. { 
1s | 
us { 
| 
‘| 
I 
Ve 
Pe 
lee 
eae 


21. 


23. 


25. 


27. 


29. 


31. 


33. 


35. 


37. 


sec u tanudu = secu + C 


tan udu = —In|cos u| + C 


sec udu = Injsecu + tanu| + C 


usinudu = sinu — ucosu + C 


sin’ u du = 


su — sin2u + C 


sin(a — b)u — sin(a + b)u 


sin au sin budu = a Cc 


au 


2(a — b) 2(a + b) 


au 


sin budu = rare sin bu — bcos bu) + C 


sinh udu = coshu + C 


sech?u du = tanhu + C 


tanh udu = In(cosh u) + C 


Inudu=ulnu-ut+C 


ve 


u 
du = sin! +C 
a 


Va — we du = Var + Sein + € 


atu 


Vena 


== In| J+ 


atu 


=du = Inu + Vie —a|+C 


10. 


12. 


14. 


16. 


20. 


22. 


24. 


26. 


28. 


30. 


32. 


34. 


36. 


38. 


I 
Tare 
ples 
lw 


b 


In b 


1 
—du = Inju| + C 
u 


“du = —_b* + C 


cos udu = sinu + C 


csc? udu = —cotu + C 


csc ucotudu = —cscu + C 


cot udu = In|sinu| + C 


csc udu = Injcsc u — cotu| + C 


ucosudu = cosu + usinu + C 


cos? udu = 5u + 4sin2u + C 


sin(a — b)ju — sin(a + b)u 


cos au cos bu du = Cc 


e“ cos budu = 
a 


2(a — b) 2(a + b) 


au 


age tone + bsin bu) + C 


cosh u du = sinhu + C 


esch?udu = —cothu + C 


cothu du = Injsinhu| + C 


ulnudu = $u7Inu — Gu? + C 


Ste = Inu + Va’ +u]+C 


2 
u a 
a + udu = ene eet Va? + | + C 
_ il _|u 
tan +C 
a a 


at+w 
Vu — a2du 


2 
= Vi @ — Stn + Vi = a| + C 


[| Table of Laplace Transforms 


fo Lf} = F(s) fO L{fO} = F(s) 
1 
1. 1 = k 
Ss 20. e“sinhkt CT 
: (s — ay — k* 
OE i 3 s-a 
2 21. e“coshkt eC eT 
(s-—ay —k 
| 
3. t" a n positive integer 22. tsin kt __ 2ks 
(° + RY 
= T De a= ke 
4, £1? 7 23. tcoskt = 
Ss (s? + ky? 
2ks? 
5. pl Va 24. sinkt + ktcoskt a 
7.532 (s~ + k*) 
2k? 
2 Tia + 1) 25. sinkt — ktcoskt —— 
6. ¢ watt? >-1 (s2 + 
2k. 
. k 26. rsinh kt ee 
7. sinkt fag (s° — k*) 
2, ak k2 
é 27. tcosh kt ae 
8. cos kt 5 (s K) 
So kr at bt 
ere 1 
ve 28. AP 
9. sin?kt a arr. ae eee) 
s(s? + 4k?) 5% ae" — be” Ss 
10. cos*kt Bue ae ed 4 oo 
, s(s? + 4k?) kK? 
30. 1 — coskt Sa ae 
|, 1 s(s~ + k*) 
11. e <a : k° 
31. kt — sinkt ere) 
s(s 
k 
12. sinhkt 2 2 
bia“ — b 
s —k 32. asin bt — bsinat a 5 5 
(s- + a-)(s- + b*) 
s 
13. coshkt the = 2 
sk 33. cosat — cos bt 5 st 5 fa = 
; (So ia)? +b) 
2k 
14. sinh7kt —_—- 2k’s 
2 _ 4p2 34. sin ktsinh kt rer 
s(s Ak?) sin kt sin $4 42 
2 _ 9p? k(s* + 2k? 
15. coshkt a 35. sinktcosh kt et 
s(s~ — 4k-) gs’ + 4k 
1 k(s? — 2k? 
16. et —— 36. cos kt sinh kt — 
(s — ay gs” + 4k 
atyn n! ie : ‘i 7 Qks? 
17. et —— aa ~*1a positive integer 37. sin kt cosh kt + cos kt sinh kt ————z 
(s — a)" gs’ + 4k 
k 4k 
18. e“sinkt = i A: 38. sin kt cosh kt — cos kt sinh kt ————z 
(s-—ay’ +k gs’ + 4k 
— ssa = 
19. e cos kt boar ae 39. cos kt cosh kt 5) + 44 


40. 


41. 


42. 


43. 


44, 


45. 


46. 


47. 


48. 


49. 


50. 


51. 


52. 


53. 


54. 


55. 


56. 


57. 


58. 


59. 


60. 
61. 


62. 


sinh kt — sin kt 


cosh kt — cos kt 


Jo(kt) 
et _ et 
t 
2(1 — cosat) 


t 
2(1 — coshat) 
- 
sin at 
t 


sin at cos bt 


ee” erfc (ovi + 5 


—e%eerfc (ovi + er 


.) + erfc (==) 


e“f) 
U(t — a) 
f(t — ayUt — a) 


g(t — a) 
fO 

Ufo 

| female — 7) dr 
5 

O(t — a) 


sVs 


e -aVs 


Vs(Vs + b) 

bes 
s(Vs + b) 
F(s — a) 


—as 


Ss 
e “F(s) 

e “L{g(t + a)} 
s"F(s) — s"™—lF(0) 
—1)" d 
cn ds" 

F(s)G(s) 


n 


F(s) 


—as 


aS aie — f° YC) 


A 


Absolute convergence: 
of a complex series, 880 
definition of, 262 
of a power series, 262, 881 
Absolute error, 72 
Absolute value of a complex number, 822 
Absolutely integrable, 778, 783 
Acceleration: 
centripetal, 487 
due to gravity, 24, 487 
normal component of, 492 
tangential component of, 492 
as a vector function, 486 
Adams-—Bashforth—Moulton method, 307 
Adams-Bashforth predictor, 307 
Adams—Moulton corrector, 307 
Adaptive numerical method, 305 
Addition: 
of matrices, 369 
of power series, 263 
of vectors, 322, 323, 329 
Adjoint matrix: 
definition of, 406 
use in finding an inverse, 407 
Age of a fossil, 75 
Aging spring, 155, 284 
Agnew, Ralph Palmer, 29 
Air resistance: 
nonlinear, 27, 43, 90 
projectile motion with, 202, 256 
projectile motion with no, 202, 255 
proportional to square of velocity, 27, 43, 90 
proportional to velocity, 24, 43, 81-82 
Airy, George Biddell, 267 
Airy’s differential equation: 
definition of, 155, 267 
solution as power series, 267 
solution in terms of Bessel functions, 291 
various forms of, 267 
Algebraic equations, 376 
Aliasing, 792 


Allee, Warder Clyde, 89 
Allee effect, 89 
Alternative form of second translation 
theorem, 231 
Ambient temperature, 21, 76 
Amperes (A), 23 
Amplitude: 
damped, 158 
of free vibrations, 153 
time varying, 721, 755 
Analytic function: 
criterion for, 837 
definition of, 834 
derivatives of, 870 
Analytic part of a Laurent series, 888 
Analyticity, vector fields and, 936 
Analyticity and path independence, 864 
Analyticity at a point: 
criterion for, 837 
definition of, 263, 834 
Angle between two vectors, 334 
Angle preserving mappings, 916 
Anharmonic overtones, 760 
Annular domain, 888 
Annulus in the complex plane, 802 
Anticommute, 476 
Antiderivative: 
of a complex function, 865 
definition of, 865 
existence of, 866 
Applications of differential equations: 
aging springs, 155, 284 
air exchange, 83 
air resistance, 24, 27, 43, 81-82, 90, 255-256 
Allee effect, 89 
bacterial growth, 74 
ballistic pendulum, 205 
bending of a circular plate, 146-147 
buckling of a tapered column, 279 
buckling of a thin vertical column, 171, 175 
cantilever beam, 168 
carbon-dating, 75 


Applications of differential 

equations:—(Cont.) 

caught pendulum, 194 

chemical reactions, 21—22, 87 

column bending under it’s own 
weight, 292 

competing species of animals, 
95-96, 656 

continuous compound interest, 21, 80 

cooling fin, 291-292 

cooling/warming, 21, 76 

coupled spring/mass system, 196-197 

cycloid, 101 

damped motion, 176 

deflection of a beam, 167—169, 171 

double pendulum, 253-254 

double spring systems, 155 

draining a tank, 23, 26 

electrical networks, 96, 98, 252, 255 

electrical series circuits, 23, 78, 
161, 241 

emigration, 87 

evaporating raindrop, 29, 82 

evaporation, 91 

falling bodies with air resistance, 24, 
27, 43, 81-82 

falling bodies with no air resistance, 
23-24, 82 

falling chain, 65 

floating barrel, 27 

fluctuating population, 29 

forgetfulness, 28 

growth of microorganisms in a 
chemostat, 659 

hard spring, 188 

harvesting, 86 

heart pacemaker, 58, 83 

hitting bottom, 92 

hole drilled through the Earth, 28 

immigration, 87, 92 

infusion of a drug, 28 

leaking tanks, 90 

linear spring, 188 

lifting a heavy rope, 31 

logistic population growth, 84-87 

marine toads, invasion of, 103 

memorization, 28 

mixtures, 22, 77 

networks, 96 

nonlinear springs, 187-188 

nonlinear pendulum, 189, 193, 
652-653 

orthogonal families of curves, 102 

oscillating chain, 759 

Otzi (the iceman), 101 

Paris guns, 206-209 

pendulum of varying length, 292-293 

population dynamics, 20, 25 

potassium-argon dating, 76, 97 

potassium-40 decay, 97 

predator-prey, 94-95, 654-655 

projectile motion, 202, 206-209, 
255-256 


Index 


pursuit curves, 194-195 
radioactive decay, 21, 74-75, 79-80, 97 
reflecting surface, 28-29 
restocking, 86 
rocket motion, 28, 82-83, 191 
rope pulled upward by a constant 
force, 31, 192-193 
rotating fluid, shape of a, 29 
rotating pendulum, 668 
rotating rod, sliding bead on a, 204 
rotating shaft, 176 
rotating string, 171-172 
sawing wood, 91 
series circuit, 78, 161-163 
Shroud of Turin, 80 
sinking in water, 27 
skydiving, 92 
sliding bead, 204, 653 
sliding box on an inclined plane, 83 
snowplow problem, 29 
soft spring, 188 
solar collector, 90 
spread of a disease, 21 
spring coupled pendulums, 259 
spring/mass systems, 27, 152-161, 
204-205, 251-252 
spring pendulum, 205—206 
streamlines, 65, 861 
suspended cables and telephone wires, 
24-25, 190-191 
temperature in an annular cooling fin, 
291-292 
temperature in an annular plate, 
176, 751 
temperature between concentric 
cylinders, 146, 762 
temperature between concentric 
spheres, 175 
temperature in a circular plate, 748 
temperature in a cylinder, 
756-757, 758 
temperature in a quarter-circular 
plate, 751 
temperature in a ring, 176 
temperature in a semiannular plate, 752 
temperature in a semicircular plate, 750 
temperature in a sphere, 175, 
760-761, 762 
temperature in a wedge-shaped 
plate, 751 
terminal velocity, 43, 81-82, 90 
time of death, 81 
tractrix, 28 
tsunami, 90 
variable mass, 27-28, 191-192 
vibrating beam, 724, 741 
vibrating string, 719-722 
water clock, 102 
Aquatic food chain, 475 
Arc, 632 
Arc length as a parameter, 484 
Archimedes’ principle, 27 
Area as a double integral, 534, 545 


Area: 
of a parallelogram, 342 
of a surface, 553 
of a triangle, 342 
Argument of a complex number: 
definition of, 824 
principal, 824 
properties of, 824 
Arithmetic modulo 2, 463 
Arithmetic of power series, 263 
Associated homogeneous equation, 108 
Associated homogeneous system, 597 
Associated Legendre differential 
equation, 293 
Associated Legendre functions, 293 
Associative laws: 
of complex numbers, 821 
of matrix addition, 370 
of matrix multiplication, 371 
Asymptotically stable critical point, 39, 
644, 646 
Attractor, 39, 601, 642 
Augmented matrix: 
definition of, 380 
elementary row operations on, 
380-381 
in reduced row-echelon form, 381 
in row-echelon form, 381 
row equivalent, 381 
Autonomous differential equation: 
critical points for, 36 
definition of, 36, 149 
direction field for, 39 
first-order, 36 
second-order, 150, 652 
translation property for, 40 
Autonomous system of differential 
equations, 630 
Auxiliary equation: 
for a Cauchy—Euler equation, 142 
for a linear equation with constant 
coefficients, 120 
rational roots of, 124 
Axis of symmetry of a beam, 168 


B 

Back substitution, 379 

Backward difference, 314 

Bacterial growth, 20, 74 

Balancing chemical equations, 384—385 

Ballistic pendulum, 205 

Banded matrix, 804 

Band-limited signals, 793 

Basis of a vector space: 
definition of, 355 
standard, 355-356 

BC, 107 

Beams: 
axis of symmetry, 168 
cantilever, 168 
clamped, 168 
deflection curve of, 168 
elastic curve of, 168 


embedded, 168 
free, 168 
simply supported, 168 
static deflection of a homogeneous 
beam, 167-168 
use of the Laplace transform, 232-233 
Beats, 166 
Bell curve, 768 
Bending of a thin column, 175, 285 
Bendixson negative criterion, 660 
Bernoulli, Jacob, 67 
Bernoulli’s differential equation: 
definition of, 67 
solution of, 67 
Bessel, Friedrich Wilhelm, 280 
Bessel function(s): 
aging spring and, 284 
differential equations solvable in terms 
of, 283-284 
differential recurrence relations for, 
285-286 
of the first kind, 281 
graphs of, 281, 282, 283, 287 
of half-integral order, 286 
modified of the first kind, 283 
modified of the second kind, 283 
numerical values of, 285 
of order v, 281 
of order 4, 286, 287 
of order —5, 287 
orthogonal set of, 696 
properties of, 284 
recurrence relation for, 291 
of the second kind, 282 
spherical, 287 
zeros of, 285 
Bessel series, 698 
Bessel’s differential equation: 
general solution of, 281, 282 
modified of order v, 283 
of order v, 280 
of order n = 0, 247 
parametric form of, 282 
parametric form of modified 
equation, 283 
series solution of, 280-281 
Biharmonic function, 922 
Binary string of length n, 463 
Binormal, 492 
Bits, 461 
Boundary conditions (BC): 
homogeneous, 183, 693 
mixed, 693 
nonhomogeneous, 693 
for an ordinary differential equation, 
107, 169, 693 
periodic, 176 
for a partial differential equation, 
714-715 
separated, 693 
time dependent, 732 
time independent, 730 
Boundary of a set, 829 


Boundary points, 527, 802, 829 
Boundary-value problem (BVP): 
deflection of a beam, 167-168 
eigenfunctions for, 170, 692 
eigenvalues for, 170, 692, 693 
the Euler load, 171 
homogeneous, 169 
nonhomogeneous, 169, 730 
nontrivial solutions of, 169 
numerical methods for ODEs, 
313-314, 316 
numerical methods for PDEs, 802, 
807, 812 
for an ordinary differential equation, 
107, 167-172, 693 
for a partial differential equation, 711, 
715, 716, 719, 725, 730, 747, 767 
periodic, 176, 695 
regular, 676 
rotating string, 171-172 
second-order, 107, 169 
singular, 695 
Bounding theorem for contour 
integrals, 856 
Boxcar function, 233 
Branch cut, 844 
Branch of the complex logarithm, 843 
Branch point, 887 
Branch point of an electrical 
network, 383 
Buckling modes, 171 
Buckling of a tapered column, 279 
Buckling of a thin vertical column, 
171, 175 
Buoyant force, 27 
BVP, 107 


c 
Calculation of order h”, 299 
Cambridge half-life of C-14, 75 
Cantilever beam, 168 
Capacitance, 23 
Carbon dating, 75-76 
Carrying capacity, 84 
Cartesian coordinates, 328 
Cartesian equation of a plane, 347 
Catenary, 191 
Cauchy, Augustin-Louis, 141 
Cauchy-Euler differential equation: 
auxiliary equation for, 142 
definition of, 141 
general solutions of, 142-143 
method of solution, 142 
reduction to constant coefficients, 145 
Cauchy—Goursat theorem, 860 
Cauchy—Goursat theorem for multiply 
connected domains, 861 
Cauchy principal value of an 
integral, 904 
Cauchy—Riemann equations, 835 
Cauchy—Schwarz inequality, 338 
Cauchy’s inequality, 872 
Cauchy’s integral formula, 868 


Cauchy’s integral formula for 
derivatives, 870 
Cauchy’s residue theorem, 900 
Cauchy’s theorem, 859 
Caught pendulum, 194 
Cavalieri, Bonaventura, 206 
Cayley, Arthur, 367 
Cayley—Hamilton theorem, 426 
Center: 
as a critical point, 640 
of curvature, 495 
of mass, 538, 566 
Central difference: 
approximation for derivatives, 314 
definition of, 314 
Central force, 490 
Centripetal acceleration, 487 
Centroid, 538 
Chain Rule, 833, APP-2 
Chain Rule of partial derivatives, 
498-499 
Chain rule for vector functions, 483 
Change of scale theorem, 218 
Change of variables: 
in a definite integral, 580-581 
in a double integral, 544, 581, 583 
in a triple integral, 585 
Characteristic equation of a matrix, 419 
Characteristic values of a matrix, 418 
Characteristic vectors of a matrix, 418 
Chebyshev, Pafnuty, 295 
Chebyshev polynomials, 295 
Chebyshev’s differential equation, 
295, 704 
Chemical equations, balancing of, 
384-385 
Chemical reactions: 
first-order, 21—22 
second-order, 22, 87-88 
Chemostat, 659 
Cholesky, Andre-Louis, 458 
Cholesky’s method, 458 
Circle: 
in complex plane, 828 
of convergence, 881 
of curvature, 495 
Circle-preserving property, 923-924 
Circuits, differential equations of, 23, 78, 
161-162, 252, 841 
Circular helix, 480 
Circulation, 857 
Circulation of a vector field, 522 
Clamped end conditions of a beam, 168 
Classification of ordinary differential 
equations: 
by linearity, 4, 6 
by order, 4, 5 
by type, 4 
Classification of linear partial differential 
equations by type, 710 
Classifying critical points, 39, 
638-641, 648 
Clepsydra, 102 
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Clockwise direction, 547 
Closed curve, 516, 528 
Closed region in the complex plane, 829 
Closure axioms of a vector space, 354 
C, a, b] vector space, 354 
Code, 463 
Code word, 463 
Coefficient matrix, 385 
Coefficients of variables in a linear 
system, 377 
Cofactor, 395 
Cofactor expansion of a determinant, 
394-397 
Column bending under its own 
weight, 292 
Column vector, 368, 389 
Commutative laws of complex 
numbers, 821 
Compartmental analysis, 472 
Compartmental models, 472 
Compatibility condition, 729 
Competition models, 95—96, 656 
Competitive interaction, 656 
Complementary error function, 55, 768 
Complementary function: 
for a linear differential equation, 114 
for a system of linear differential 
equations, 597, 614 
Complete set of functions, 675 
Completing the square, 227 
Complex eigenvalues of a 
matrix, 422 
Complex form of Fourier series, 
688-689 
Complex function: 
analytic, 834, 840, 844, 846 
continuous, 832, 833 
definition of, 830 
derivative of, 833 
differentiable, 833 
domain of, 830 
entire, 834, 840, 846 
exponential, 840 
hyperbolic, 847 
inverse hyperbolic, 850 
inverse trigonometric, 849 
limit of, 832 
logarithmic, 842 
as a mapping, 830 
periodic, 841, 848 
polynomial, 832 
power, 844 
range of, 830 
rational, 832 
as a source of harmonic functions, 838 
as a transformation, 830 
trigonometric, 846 
as a two-dimensional fluid flow, 831 
Complex impedance, 842 
Complex line integrals: 
definition of, 854 
evaluation of, 854-855, 865, 867 
properties of, 856 
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Complex number(s): 
absolute value of, 822 
addition of, 820 
argument of, 824 
associative laws for, 821 
commutative laws for, 821 
complex powers of, 844 
conjugate of a, 821 
definition of, 820 
distributive law for, 821 
division of, 820, 824 
equality of, 820 
geometric interpretation of, 822 
imaginary part of, 820 
imaginary unit, 820 
integer powers of, 825 
logarithm of, 842-843 
modulus of, 822 
multiplication of, 820, 824 
polar form of, 823-824 
principal argument of, 824 
principal nth root of, 826 
pure imaginary, 820 
real part of, 820 
roots of a, 825-826 
subtraction of, 820 
triangle inequality for, 822 
vector interpretation, 822 
Complex plane: 
definition of, 822 
imaginary axis of, 822 
real axis of, 822 
sets in, 828-829 
Complex potential, 937 
Complex powers: 
of a complex number, 844 
principal value of, 844 
Complex sequence, 878 
Complex series, 878-879 
Complex vector space, 353 
Complex velocity potential, 938 
Components of a vector, 323, 325, 329 
Component of a vector on another 
vector, 335 
Conformal mapping, 916 
Conformal mapping and the Dirichlet 
problem, 918-919 
Conformal mappings, table of, APP-9 
Conjugate complex roots, 120, 121-122, 
143-144, 422, 606-607 
Conjugate of a complex number, 
430, 821 
Connected region, 527, 829 
Conservation of energy, 533 
Conservative force field, 533 
Conservative vector field: 
definition of, 525, 937 
potential function for, 525, 527, 
530, 937 
test for, 529, 531, 562 
Consistent system of linear 
equations, 377 
Constant Rules, 833, APP-2 


Constants of a linear system, 377 
Constructing an orthogonal basis: 
for R’, 360 
for R®, 361 
for R", 362 
Continuing numerical method, 307 
Continuity equation, 578-579 
Continuity of a complex function, 832 
Continuity of a vector function, 481 
Continuous compound interest, 10 
Contour: 
definition of, 854 
indented, 906 
Contour integral: 
bounding theorem for, 856 
definition of, 854 
evaluation of, 855, 860, 861 
fundamental theorem for, 865 
independent of the path, 863-864, 865 
for the inverse Laplace transform, 782 
properties of, 856 
Contourplot, 65 
Convergence: 
of a complex sequence, 878 
of a complex series, 878-879 
of an improper integral, 212 
of a Fourier integral, 778 
of a Fourier series, 679 
of a Fourier-Bessel series, 700 
of a Fourier-Legendre series, 702 
of an improper integral, 212 
of a complex geometric series, 879 
of a power series, 262, 881 
Convolution integral, 238, 787 
Convolution theorem: 
for the Fourier transform, 787 
inverse form, 240 
for the Laplace transform, 239 
Cooling of a cake, 76 
Cooling fin, temperature in a, 291-292 
Cooling and warming, Newton’s law of, 
21, 76 
Coordinate planes, 328 
Coordinates of a midpoint, 329 
Coordinates of a vector relative to a 
basis, 356 
Coordinates of a vector relative to an 
orthonormal basis, 359 
Coplanar vectors, 343 
Coplanar vectors, criterion for, 343 
Cosine series, 683 
Cosine series in two variables, 743 
Coulomb (C), 23 
Coulomb’s law, 558 
Counterclockwise direction, 547 
Coupled pendulums, 259 
Coupled spring/mass system, 
196-197 
Coupled systems, 611 
Cover-up method, 224 
Cramer’s rule, 415-416 
Crank—Nicholson method, 809-810 
Critical loads, 171 


Critical points of an autonomous first- 
order differential equation: 
asymptotically stable, 39 
attractor, 39 
definition of, 36 
isolated, 42 
repeller, 39 
semi-stable, 39 
unstable, 39 
Critical points for autonomous linear 
systems: 
attractor, 601 
center, 640 
classifying, 641 
definition of, 632 
degenerate stable node, 639-640 
degenerate unstable node, 639-640 
locally stable, 636 
repeller, 601 
saddle point, 638 
stable node, 638 
stable spiral point, 640 
stability criteria for, 642 
unstable, 636 
unstable node, 638 
unstable spiral point, 640 
Critical points for plane autonomous 
systems: 
asymptotically stable, 644 
classifying, 648 
stability criteria for, 647 
stable, 644 
unstable, 644 
Critical speeds, 176 


Critically damped electrical circuit, 162 


Critically damped spring/mass 
system, 156 
Cross product: 
component for of, 338 
as a determinant, 339 
magnitude of, 341 
properties of, 339-340 
test for parallel vectors, 341 
Cross ratio, 925 
Crout, Preston D., 458 
Crout’s method, 458 
Cryptography, 459 
Curl of a vector field: 
definition of, 512 
as a matrix product, 375 
physical interpretation of, 514, 562 
Curvature, 491, 494 
Curve integral, 516 
Curves: 
closed, 516 
defined by an explicit function, 518 
of intersection, 481 
parallel, 572 
parametric, 480 
piecewise smooth, 516 
positive direction on, 516 
simple closed, 516 
smooth, 516 


Curvilinear motion in the plane, 487 
Cycle of a plane autonomous system, 632 
Cycloid, 101 
Cylindrical coordinates: 

conversion to rectangular 

coordinates, 568 

definition of, 568 

Laplacian in, 755 

triple integrals in, 569 
Cylindrical functions, 758 
Cylindrical wedge, 569 


D 
D’ Alembert’s solution, 724 
Da Vinci, Leonardo, 19 
Damped amplitude, 158 
Damped motion, 24, 156, 158-159 
Damping constant, 156 
Damping factor, 156 
Daughter isotope, 97 
DE, 4 
Decay, radioactive, 21 
Decay constant, 74 
Decoding a message, 463-464 
Definite integral, definition of, 516 
Deflation, method of, 441 
Deflection curve of a beam, 168 
Deflection of a beam, 166-167, 175, 232 
Deformation of contours, 869 
Degenerate nodes: 
stable, 639-640 
unstable, 639-640 
Del operator, 501-502 
DeMoivre’s formula, 825 
Density-dependent hypothesis, 84 
Dependent variables, 496 
Derivative of a complex function: 
of complex exponential function, 840 
of complex hyperbolic functions, 847 
of complex inverse hyperbolic 
functions, 850 
of complex inverse trigonometric 
functions, 850 
of the complex logarithm 
function, 844 
of complex trigonometric 
functions, 846 
definition of, 833 
of integer powers of z, 833 
rules for, 833 
Derivative of a definite integral, 11, 31 
Derivative and integral formulas, 
APP-2, APP-3 
Derivative of a Laplace transform, 237 
Derivative of real function, notation for, 5 
Derivative of vector function, definition 
of, 482 
Determinant(s): 
of a3 X 3 matrix, 394 
of a2 X 2 matrix, 394 
cofactors of, 395 
definition of, 393 
evaluating by row reduction, 402 


expansion by cofactors, 397 
of a matrix product, 401 
minor of, 395 
of order n, 394 
of a transpose, 399 
of a triangular matrix, 401 
properties of, 399 
Diagonal matrix, 373, 425 
Diagonalizability: 
criterion for, 446, 448 
sufficient condition for, 445, 446 
Diagonalizable matrix: 
definition of, 445 
orthogonally, 448 
Diagonalization, solution of a linear 
system of DEs by, 611-612 
Difference equation replacement: 
for heat equation, 807, 809 
for Laplace’s equation, 802 
for a second-order ODE, 314 
for wave equation, 812-813 
Difference quotients, 314 
Differentiable at a point, 833 
Differential: 
of arc length, 517, 518 
of a function of several variables, 59 
nth order operator, 108 
operator, 108 
recurrence relations, 285-286 
of surface area, 554 
Differential equation (ordinary): 
Airy’s, 267, 270, 284, 291 
associated Legendre’s, 293 
autonomous, 36, 150, 646 
Bernoulli’s, 67 
Bessel’s, 247, 280 
Cauchy—Euler, 141 
Chebyshev’s, 295 
with constant coefficients, 120 
definitions and terminology, 4 
differential form of, 5 
Duffing’s, 193 
exact, 59 
explicit solution of, 8 
families of solutions of, 9 
first-order, 6, 
first-order with homogeneous 
coefficients, 66 
general form of, 5 
general solution of, 11, 53, 112, 113, 
121-122, 142-144 
Gompertz, 87 
Hermite’s, 295, 698 
higher-order, 123, 139 
homogeneous, 51, 66, 108, 120, 142 
implicit solution of, 8 
Laguerre’s, 248, 697 
Legendre’s, 280 
linear, 6, 108 
as a mathematical model, 19-20 
modified Bessel’s, 283 
nonhomogeneous, 51, 108, 113 
nonlinear, 6, 84, 147, 187 
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Differential equation (ordinary):—(Cont.) 
with nonpolynomial coefficients, 269 
normal form of, 6 
notation for, 5 
order of, 5 
ordinary, 4 
ordinary points of, 264-265 
parametric Bessel, 282 
parametric modified Bessel, 283 
particular solution of, 9, 51, 113 
piecewise linear, 54 
with polynomial coefficients, 264, 272 
Ricatti’s, 69 
second-order, 6, 117, 120, 136-137, 141 
self-adjoint form of, 695-696 
separable, 43-44 
singular points of, 264 
singular solution of, 10 
solution of, 7-8 
standard form of a linear, 51, 118, 137 
substitutions in, 65 
superposition principles for linear, 
109, 114 

system of, 10, 93, 196, 251 

Van der Pol’s, 663, 664 

with variable coefficients, 141, 262, 
271, 280 

Differential equation (partial): 

classification of linear second-order, 
710 

definition of, 4 

diffusion, 500, 715 

heat, 712-713, 716-718, 753 

homogeneous linear second-order, 708 

Laplace’s, 500, 713, 725 

linear second-order, 708 

nonhomogeneous linear second-order, 
708 

order of, 5 

Poisson’s, 737 

separable, 708-709 

solution of, 708 

superposition principle for 
homogeneous linear, 709 

time dependent, 732 

time independent, 730 

wave, 500, 711-712, 719-722, 753 

Differential form, 5, 59 

Differential operator, nth order, 108 

Differential recurrence relation, 

285-286 
Differentiation of vector functions, rules 
of, 483 

Diffusion equation, 500, 715 

Dimension of a vector space, 356 

Dirac delta function: 
definition of, 249 
Laplace transform of, 249 

Direction angles, 334 

Direction cosines, 334 

Direction field, 34 

Direction numbers of a line, 345 

Direction vector of a line, 345 
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Directional derivative: 
computing, 503 
definition of, 502 
for functions of three variables, 504 
for functions of two variables, 
502-503 
maximum values of, 504-505 
Dirichlet condition, 714 
Dirichlet problem: 
for a circular plate, 748 
for a cylinder, 756-757, 764 
definition of, 726-727, 803 
exterior, 752 
harmonic functions and, 918 
for a planar region, 803 
for a rectangular region, 726 
for a semicircular plate, 750 
solving using conformal 
mapping, 919 
for a sphere, 760 
superposition principle for, 727 
Disconnected region, 527 
Discontinuous coefficients, 54—55 
Discrete compartmental models, 
472-473 
Discrete Fourier transform, 789 
Discrete Fourier transform pair, 790 
Discrete signal, 789 
Discretization error, 299 
Distance formula, 328 
Distance from a point to a line, 338 
Distributions, theory of, 250 
Distributive law: 
for complex numbers, 821 
for matrices, 371 
Divergence of a vector field: 
definition of, 513 
physical interpretation of, 514, 578 
Divergence theorem, 575 
Division of two complex numbers, 
820, 824 
Domain: 
in the complex plane, 829 
of a complex function, 830 
of a function, 8 
of a function of two variables, 496 
of a solution of an ODE, 7 
Dominant eigenvalue, 438 
Dominant eigenvector, 438 
Doolittle, Myrick H., 454 
Doolittle’s method, 454-455 
Dot notation for differentiation, 5 
Dot product: 
component form of, 332 
definition of, 332, 333 
properties of, 332 
in terms of matrices, 431 
as work, 336 
Double cosine series, 743 
Double eigenvalues, 750 
Double integral: 
as area of a region, 534, 545 
as area of a surface, 553 


change of variables, 544 
definition of, 534 
evaluation of, 536 
as an iterated integral, 535 
in polar coordinates, 542 
properties of, 535 
reversing the order of integration 
in, 537 
as volume, 535 
Double pendulum, 253 
Double sine series, 743 
Double spring systems, 155 
Doubly connected domain, 859 
Downward orientation of a surface, 556 
Drag, 24 
Drag coefficient, 24 
Drag force, 206 
Draining a tank, 23, 26 
Driven motion: 
with damping, 158-160 
without damping, 160-161 
Driving function, 57, 152 
Drosophila, 85 
Drug dissemination, model for, 82 
Drug infusion, 28 
Duffing’s differential equation, 193 
Dulac negative criterion, 661 
Dynamical system, 25, 631 
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Ecosystem, states of, 472 
Effective spring constant, 155 
Effective weight, 490 
Eigenfunctions: 
of a boundary-value problem, 170, 
of a Sturm-Liouville problem, 
693-695 
Eigenvalues of a boundary-value 
problem, 170-171, 692-693 
Eigenvalues of a matrix: 
approximation of, 437 
complex, 422, 606 
definition of, 418, 599 
of a diagonal matrix, 425 
distinct-real, 599 
dominant, 437-438 
of an inverse matrix, 424 
of multiplicity m, 602 
of multiplicity three, 605 
of multiplicity two, 603 
repeated, 602 
of a singular matrix, 423 
of a symmetric matrix, 430, 604 
of a triangular matrix, 425 
Eigenvector(s) of a matrix: 
complex, 422 
definition of, 418, 599 
dominant, 438 
of an inverse matrix, 424 
orthogonal, 431 
Elastic curve, 168 
Electrical circuits, 23, 78, 96, 161-163, 
241-242 


Electrical networks, 96, 252, 255 
Electrical vibrations: 
critically damped, 162 
forced, 161-162 
free, 162 
overdamped, 162 
simple harmonic, 162 
underdamped, 162 
Elementary functions, 11 
Elementary matrix, 388 
Elementary operations for solving linear 
systems, 378 
Elementary row operations on a matrix: 
definition of, 380 
notation for, 381 
Elimination method(s): 
for a system of algebraic equations, 
378-379, 381 
for a system of ordinary differential 
equations, 197 
Elliptic partial differential 
equation, 710 
Elliptical helix, 481 
Embedded end conditions of a beam, 
168, 724 
Empirical laws of heat conduction, 712 
Encoding a message, 463 
Encoding a message in the Hamming 
(7, 4) code, 464 
Entire function, 834 
Entries in a matrix, 368 
Epidemics, 21, 86, 99 
Equality of complex numbers, 820 
Equality of matrices, 369 
Equality of vectors, 322, 323, 329 
Equation of continuity, 578-579 
Equation of motion, 153 
Equidimensional equation, 141 
Equilibrium point, 36 
Equilibrium position of a spring/mass 
system, 152 
Equilibrium solution, 36, 632 
Equipotential curves, 839 
Error(s): 
absolute, 72 
discretization, 299 
formula, 299 
global truncation, 300 
local truncation, 299 
percentage relative, 72 
relative, 72 
round-off, 298 
sum of square, 469 
Error function, 55, 768 
Error-correcting code, 463-467 
Error-detecting code, 464, 467 
Escape velocity, 194 
Essential singularity, 895 
Euclidean inner product, 352 
Euler, Leonhard, 141 
Euler equation, 141 
Euler load, 171 
Euler—Cauchy equation, 141 


Euler’s constant, 285 
Euler’s formula, 121 
Euler’s method: 
error analysis of, 72, 298-301 
for first-order differential equations, 
71, 298 
for second-order differential 
equations, 309 
for systems of differential 
equations, 312 
Evaluation of real integrals by residues, 
902-907 
Evaporating raindrop, 29, 82 
Evaporation, 91 
Even function: 
definition of, 681 
properties of, 682 
Exact differential: 
definition of, 59 
test for, 59 
Exact differential equation: 
definition of, 59 
solution of, 60 
Existence and uniqueness of a solution, 
16, 106, 594 
Existence of Fourier transforms, 783 
Existence of Laplace transform, 216 
Expansion of a function: 
in a complex Fourier series, 689 
in a cosine series, 683 
in a Fourier series, 677-678 
in a Fourier—Bessel series, 700 
in a Fourier—Legendre series, 702 
half-range, 684 
in a Laurent series, 887-889 
in a power series, 262-263 
in a sine series, 683 
in terms of orthogonal functions, 
674-675 
Explicit finite difference method, 808 
Explicit solution, 8 
Exponential form of a Fourier 
series, 688 
Exponential function: 
definition of, 840 
derivative of, 840 
fundamental region of, 841 
period of, 841 
properties of, 841 
Exponential order, 215 
Exponents of a singularity, 275 
Exterior Dirichlet problem, 752 
External force, 158 
Extreme displacement, 153 


F 

Falling bodies, mathematical models of, 
23-24, 27 

Falling chain, 65 

Falling raindrops, 29, 82 

Family of solutions, 9 

Farads (f), 23 

Fast Fourier transform, 788, 791 


Fast Fourier transform, computing 
with, 795 
Fibonacci, Leonardo, 429 
Fibonacci sequence, 429 
Fick’s law, 101 
Filtered signals, 795 
Finite difference approximations, 
313-314, 802, 807, 812 
Finite difference equation, 315 
Finite difference method: 
explicit, 314, 808 
implicit, 809 
Finite differences, 314 
Finite dimensional vector space, 356 
First buckling mode, 171 
First harmonic, 722 
First moments, 539 
First normal mode, 721 
First octant, 328 
First shifting theorem, 226 
First standing wave, 721 
First translation theorem: 
form of, 226 
inverse form of, 226 
First-order chemical reaction, 21 
First-order differential equations: 
applications of, 74, 64, 93 
solution of, 44, 52, 60, 66-68 
First-order initial-value problem, 14 
First-order Runge-Kutta method, 302 
First-order system, 592 
Five-point approximation for Laplace’s 
equation, 802 
Flexural rigidity, 168 
Flow: 
around a corner, 939 
around a cylinder, 939 
of heat, 712 
steady-state fluid, 938 
Fluctuating population, 82 
Flux and Cauchy’s integral formula, 870 
Flux through a surface, 556 
Folia of Descartes, 13, 652 
Forced electrical vibrations, 161 
Forced motion: 
with damping, 158 
without damping, 160 
Forcing function, 115 
Forgetfulness, 28 
Formula error, 299 
Forward difference, 314 
Fossil, age of, 75 
Fourier coefficients, 678 
Fourier cosine transform: 
definition of, 783 
operational properties of, 784 
Fourier integral: 
complex form, 780-781 
conditions for convergence, 778 
cosine form, 779 
definition of, 777-778 
sine form, 779 
Fourier integrals, 905 


Index 


Fourier series: 
complex, 688-690 
conditions for convergence, 679 
cosine, 683 
definition of, 678 
generalized, 675 
sine, 683 
in two variables, 741 
Fourier sine transform: 
definition of, 782 
operational properties of, 784 
Fourier transform pairs, 783 
Fourier transforms: 
definitions of, 783 
existence of, 783 
operational properties of, 783-784 
Fourier—Bessel series: 
conditions for convergence, 700 
definition of, 698-700 
Fourier—Legendre series: 
conditions for convergence, 702 
definition of, 701-702, 703, 704 
Fourth-order partial differential equation, 
724, 741 
Fourth-order Runge-Kutta methods: 
for first-order differential equations, 
72, 303 
for second-order differential 
equations, 309 
for systems of differential 
equations, 311 
Free electrical vibrations, 162 
Free motion of a spring/mass system: 
damped, 155-156 
undamped, 152 
Free vectors, 322 
Free-end conditions of a beam, 168, 723 
Frequency of free vibrations, 152 
Frequency filtering, 795 
Frequency response curve, 166 
Frequency spectrum, 690 
Fresnel sine integral function, 58, 768 
Frobenius, Georg Ferdinand, 273 
Frobenius, method of, 273 
Frobenius’ theorem, 273 
Fubini, Guido, 536 
Fubini’s theorem, 536 
Fulcrum supported ends of a beam, 168 
Full-wave rectification of sine, 247 
Function(s): 
complementary, 114 
complementary error, 55, 
of a complex variable, 830 
continuous, 832 
defined by an integral, 10, 55 
differentiable, 833 
directional derivative of, 502—503 
domain of, 496 
driving, 57, 152, 158 
error, 55, 768 
even, 681 
forcing, 115, 152, 158 
Fresnel sine integral, 58 


Index 


generalized, 250 

gradient of, 502 

graph of, 496 

harmonic, 515, 837-838, 918 

inner product of, 672 

integral defined, 10-11 

input, 57, 115 

odd, 681 

orthogonal, 672 

output, 57, 115 

partial derivative of, 497-498 

periodic, 676 

polynomial, 832 

potential, 575, 937 

power, 844, 914 

of a real variable, 830 

range of, 496 

rational, 832 

sine integral, 58, 782 

stream, 938 

of three variables, 497 

as a two-dimensional flow, 831 

of two variables, 496 

ys. solution, 8 

vector, 480 

weight, 675 
Fundamental angular frequency, 690 
Fundamental critical speed, 176 
Fundamental frequency, 722 
Fundamental matrix: 

definition of, 616 

matrix exponential as a, 623 
Fundamental mode of vibration, 721 
Fundamental period, 676, 690 
Fundamental region of the complex 

exponential function, 841 

Fundamental set of solutions: 

definition of, 111, 596 

existence of, 112, 596 
Fundamental theorem: 

of algebra, 872-873 

of calculus, 11, 526 

for contour integrals, 865 

for line integrals, 526 


G 
g, 24, 152 
Galileo Galilei, 24, 206 
Gamma function, 217, 281, APP-4 
Gauss’ law, 580, 937 
Gauss’ theorem, 575 
Gaussian elimination, 381 
Gauss—Jordan elimination, 381 
Gauss-Seidel iteration, 387, 805 
General form of an ordinary differential 
equation, 5 
General solution: 
of Bessel’s equation, 281, 282 
definition of, 11,53, 112, 113 
of a homogeneous linear differential 
equation, 112 
of a homogeneous second-order linear 
differential equation, 121-122 


of a homogeneous system of linear 
differential equations, 596 
of a linear first-order equation, 53 
of linear higher-order equations, 
123-125 
of modified Bessel’s equation, 283 
of a nonhomogeneous linear 
differential equation, 113 
of a nonhomogeneous system of linear 
differential equations, 597 
of parametric form of Bessel’s 
equation, 282 
of parametric form of modified 
Bessel’s equation, 283 
of a second-order Cauchy—Euler 
equation, 142-144 
Generalized factorial function, APP-4 
Generalized Fourier series, 675 
Generalized functions, 250 
Generalized length, 673 
Geometric series, 879 
Geometric vectors, 322 
George Washington monument, 168 
Gibbs phenomenon, 684 
Global truncation error, 300 
Globally stable critical point, 659 
Gompertz differential equation, 87 
Goursat, Edouard, 860 
Gradient: 
of a function of three variables, 
501-502 
of a function of two variables, 501-502 
geometric interpretation of, 507-508 
vector field, 511, 525 
Gram-Schmidt orthogonalization 
process, 359-362, 676 
Graphs: 
of a function of two variables, 496 
of level curves, 496 
of level surfaces, 497 
of a plane, 348 
Great circles, 572 
Green, George, 547 
Green’s function: 
for an initial-value problem, 178 
for a boundary-value problem, 184 
relationship to Laplace transform, 
242-243 
for a second-order differential 
equation, 178 
for a second-order differential 
operator, 178 
Green’s identities, 580 
Green’s theorem in the plane, 547 
Green’s theorem in 3-space, 559 
Growth and decay, 21, 74-75 
Growth constant, 74 
Growth rate, relative, 84 


H 

Half-life: 
of carbon-14, 75 
definition of, 75 


of a drug, 21 
of plutonium-239, 75 
of radium-226, 75 
of uranium-238, 75 
Half-plane, 828 
Half-range expansions, 685 
Half-wave rectification of sine, 247 
Hamilton, William Rowan, 351 
Hamming (7, 4) code, 464 
Hamming (8, 4) code, 468 
Hamming, Richard W., 464 
Hard spring, 188 
Harmonic conjugate functions, 838 
Harmonic function, 515, 837-838, 918 
Harmonic function, transformation 
theorem for, 918 
Harmonic functions and the Dirichlet 
problem, 918 
Harvesting, 86 
Heart pacemaker, model for, 58, 83 
Heat equation: 
derivation of one-dimensional 
equation, 712 
difference equation replacement for, 
807, 809 
and discrete Fourier series, 791 
and discrete Fourier transform, 
791-792 
one-dimensional, 711-712 
in polar coordinates, 753 
solution of, 716 
two-dimensional, 753 
Heaviside, Oliver, 229 
Heaviside function, 229 
Helmholtz’s partial differential 
equation, 763 
Helix: 
circular, 480 
elliptical, 481 
pitch of, 481 
Henrys (h), 23 
Hermite, Charles, 295 
Hermite polynomials, 295 
Hermite’s differential equation, 
295, 698 
Higher-order ordinary differential 
equations, 105, 123, 141 
Hinged end of a beam, 168 
Hitting bottom, 92 
Hole through the Earth, 28 
Homogeneous boundary conditions, 
169, 183, 693 
Homogeneous boundary-value problem, 
169, 715 
Homogeneous first-order differential 
equation: 
definition of, 66 
solution of, 66 
Homogeneous function, 66 
Homogeneous linear differential 
equation: 
ordinary, 51, 108 
partial, 708 


Homogeneous systems of linear 
algebraic equations: 
definition of, 377, 384 
matrix form of, 385 
nontrivial solutions of, 384 
properties of, 386 
trivial solution of, 384 
Homogeneous systems of linear 
differential equations: 
complex eigenvalues, 606-608 
definition of, 592 
distinct-real eigenvalues, 599 
fundamental set of solutions for, 596 
general solution of, 596 
matrix form of, 592 
repeated eigenvalues, 602—605 
superposition principle for, 594 
Hoéné-Wronski, Josef Maria, 111 
Hooke’s law, 27, 152 
Horizontal component of a vector, 325 
Hurricane Hugo, 173-174 
Huygens, Christiaan, 206 
Hydrogen atoms, distance between, 
337-338 
Hyperbolic functions, complex: 
definitions of, 847 
derivatives of, 847 
zeros of, 848 
Hyperbolic partial differential 
equation, 710 


I 

IC, 14 

i, j vectors, 325 

i, j, k vectors, 330 

Iceman (Otzi), 101 

Identity matrix, 373 

Identity property of power series, 263 

Ill-conditioned system of equations, 417 

Image of a point under a 
transformation, 581 

Images of curves, 912 

Imaginary axis, 822 


Imaginary part of a complex number, 820 


Imaginary unit, 820 
Immigration model, 87, 92 
Impedance, 163 
Implicit finite difference method, 809 
Implicit solution, 8 
Improper integral: 
convergent, 212, 904 
divergent, 212, 904 
Improved Euler method, 300 
Impulse response, 250 
Incompressible flow, 514, 938 
Incompressible fluid, 514 
Inconsistent system of linear 
equations, 377 
Indefinite integral, 11, 865 
Indented contours, 906 
Independence of path: 
definition of, 526, 864 
test for, 527, 528, 529, 864 


Independent variables, 496 
Indicial equation, 275 
Indicial roots, 275 
Inductance, 23, 161-162 
Infinite-dimensional vector space, 356 
Infinite linearly independent set, 357 
Infinite series of complex numbers: 
absolute convergence, 880 
definition of, 878 
convergence of, 879 
geometric, 879 
necessary condition for 
convergence, 879 
nth term test for divergence, 880 
sum of, 879 
Initial conditions (IC), 14, 106, 714 
Tnitial-value problem (IVP): 
definition of, 14, 106 
first-order, 14, 53 
nth-order, 14, 106 
second-order, 14 
for systems of linear differential 
equations, 594 
Inner partition, 564 
Inner product: 
of two column matrices, 431 
definition of, 332, 333, 672 
properties of, 347, 672 
space, 358 
of two functions, 672 
of two vectors, 332, 672 
Inner product space, 358 
Input function, 57, 115 
Insulated boundary, 714 
Integers: 
modulo 2, 463 
modulo 27, 462 
Integrable function: 
of three variables, 565 
of two variables, 534 
Integral-defined function, 10-11 
Integral equation, 241 
Integral transform: 
definition of, 212 
Fourier, 783 
Fourier cosine, 783 
Fourier sine, 783 
inverse, 782, 
kernel of, 782 
Laplace, 212, 782 
pair, 782 
Integral of a vector function, 484 
Integrating factor, 52, 62-63 
Integration along a curve, 516 
Integration by parts, 877 
Integrodifferential equation, 241 
Interest, compounded 
continuously, 80 
Interior point, 802 
Interior mesh points, 314 
Interior point of a set in the complex 
plane, 828 
Interpolating function, 306 


Index 


Interval: 
of convergence, 262 
of definition of a solution, 7 
of existence and uniqueness, 16 
of validity of solution, 7 
Invariant region: 
definition of, 662 
Types I and II, 662 
Invasion of the marine toads, 103 
Inverse cosine function: 
derivative of, 850 
as a logarithm, 849 
Inverse hyperbolic functions: 
definition of, 850 
derivatives of, 850 
as logarithms, 850 
Inverse integral transform: 
Fourier, 783 
Fourier cosine, 783 
Fourier sine, 783 
Laplace, 218, 782 
Inverse of a matrix: 
definition of, 405 
by the adjoint method, 406-407 
by elementary row operations, 409 
properties of, 406 
using to solve a system, 411-412 
Inverse power method, 443 
Inverse sine function: 
definition of, 849 
derivative of, 850 
as a logarithm, 849 
Inverse tangent function: 
derivative of, 850 
as a logarithm, 849 
Inverse transform, 218, 782, 783 
Inverse transformation, 582 
Inverse trigonometric functions: 
definitions of, 849 
derivatives of, 850 
Invertible matrix, 405 
Irregular singular point, 272 
Trrotational flow, 514, 938 
Tsocline, 35, 41 
Isolated critical point, 42 
Isolated singularity: 
classification of, 894-895 
definition of, 887 
Iterated integral, 535 
IVP, 14 


J 


Jacobian determinant, 582 
Jacobian matrix, 647 
Joukowski airfoil, 915 
Joukowski transformation, 915 


K 


Kepler’s first law of planetary 
motion, 490 

Kernel of an integral transform, 782 

Kinetic friction, 54 

Kirchhoff’s first law, 96 


Index 


Kirchhoff’s point and loop rules, 383 
Kirchhoff’s second law, 23, 96 


L 


Lagrange’s identity, 344 

Laguerre polynomials, 248 

Laguerre’s differential equation, 
248, 697 


Laplace, Pierre-Simon Marquis de, 213 


Laplace transform: 
behavior as s > co, 223 


of Bessel function of order vy = 0, 247 


conditions for existence, 216 

convolution theorem for, 238-239 

definition of, 212, 782 

derivatives of a, 237 

of derivatives, 220 

of differential equations, 221 

differentiation of, 237 

of Dirac delta function, 249 

existence of, 216 

inverse of, 218, 782 

of an integral, 240 

as a linear transform, 214 

and the matrix exponential, 623 

of a partial derivative, 770 

of a periodic function, 244 

of systems of ordinary differential 
equations, 251 

tables of, 215, APP-6 

translation theorems for, 226, 230 

of unit step function, 230 

Laplace’s equation, 486, 500, 501, 

711-712, 725, 748, 802 


Laplace’s partial differential equation: 


in cylindrical coordinates, 756 
difference equation replacement 
for, 802 
in polar coordinates, 748 
maximum principle for, 727 
solution of, 725 
in three dimensions, 744 
in two dimensions, 711-712, 725 
Laplacian: 
in cylindrical coordinates, 755 
definition of, 515, 712 
in polar coordinates, 748 
in rectangular coordinates, 712 
in spherical coordinates, 760 
in three dimensions, 712 
in two dimensions, 712 
Lascaux cave paintings, dating of, 80 
Latitude, 572 
Lattice points, 802 
Laurent series, 888 
Laurent’s theorem, 889-890 
Law of conservation of mechanical 
energy, 533 
Law of mass action, 87 
Law of universal gravitation, 28 
Laws of exponents for complex 
numbers, 845 
Laws of heat conduction, 712 


Leaking tank, 89-90 
Leaning Tower of Pisa, 24 
Learning theory, 28 
Least squares, method of, 468-470 
Least squares line, 92, 469 
Least squares parabola, 470-471 
Least squares solution, 470 
Legendre, Adrien-Marie, 280 
Legendre associated functions, 293 
Legendre functions, 288-289, 293, 
294-295 
Legendre polynomials: 
first six, 289 
graphs of, 289 
properties of, 289 
recurrence relation for, 289 
Rodriques’ formula for, 290 
Legendre’s differential equation: 
associated, 293 
of order n, 280 
series solution of, 288—289 
Leibniz notation, 5 
Leibniz’s rule, 31 
Length of a space curve, 484 
Length of a vector: 
in 3-space, 333 
in n-space, 352 
Leonardo da Vinci, 19 
Level curves, 46, 496 


Level of resolution of a mathematical 


model, 19 
Level surfaces, 497 
L H6pital’s rule, 160-161, 216, 
282, 901 
Liber Abbaci, 429 
Libby half-life, 75 
Libby, Willard F., 75 
Liebman’s method, 806 
Limit cycle, 662, 664 
Limit of a function of a complex 
variable: 
definition of, 832 
properties of, 832 
Limit of a vector function, 481 
Line of best fit, 469 
Line integrals: 
around closed paths, 519, 528, 
546-547 
as circulation, 522 
complex, 854 
in the complex plane, 854 
definition of, 516-517 
evaluation of, 517, 518, 520 
fundamental theorem for, 526 
independent of the path, 526 
in the plane, 517 
in space, 520 
as work, 521 
Line segment, 345 
Lineal element, 34 


Linear algebraic equations, systems of, 


376-377 
Linear combination of vectors, 324 


Linear dependence: 
of a set of functions, 109-110 
of a set of vectors, 355, 357 
of solution vectors, 595 
Linear donor-controlled hypothesis, 472 
Linear equation in n variables, 376 
Linear first-order differential equation: 
definition of, 6, 50 
general solution of, 53 
homogeneous, 51 
integrating factor for, 52 
method of solution, 52 
nonhomogeneous, 51 
singular points of, 53 
standard form of, 51 
variation of parameters for, 51 
Linear fractional transformation, 923 
Linear independence: 
of a set of functions, 109-110 
of a set of vectors, 355 
of solution vectors, 595 
of solutions of linear DEs, 110-111 
Linear momentum, 490 
Linear operator, 108, 197 
Linear ordinary differential equations: 
applications of, 58, 74-84, 151, 167 
associated homogeneous, 108 
auxiliary equation for, 120, 142 
boundary-value problems for, 107, 
167, 183 
with constant coefficients, 120 
complementary function for, 114 
definition, 6, 
first-order, 6, 50 
general solution of, 53, 112, 113, 
121-122, 142-143 
higher-order, 106, 108, 123, 141 
homogeneous, 51, 108, 120 
indicial equation for, 275 
initial-value problems for, 14, 74, 106, 
149, 151, 177 
infinite series solutions for, 265, 273 
nonhomogeneous, 51, 127, 136 
nth-order initial-value problem for, 106 
ordinary points of, 264-265 
particular solution for, 51, 113, 
127, 136 
piecewise, 54 
reduction of order, 117-119 
second-order, 6, 107, 117-119, 120 
singular points of, 53, 264-265, 
272,213 
standard forms of, 51, 118, 137, 
139, 177 
superposition principles for, 109, 114 
with variable coefficients, 141, 261, 
264, 269, 271-278, 280 
Linear partial differential equation, 708 
Linear regression, 103 
Linear second-order partial differential 
equations: 
classification of, 710 
homogeneous, 708 


nonhomogeneous, 708 
solution of, 708 
superposition principle for, 709 
Linear spring, 188 
Linear system: 
of algebraic equations, 376 
definition of, 377 
of differential equations, 93, 592 
rank and, 392 
Linear transform, 214, 219 
Linearity: 
of a differential operator, 108 
of the inverse Laplace transform, 219 
of the Laplace transform, 212 
Linearity property, 108 
Linearization: 
of a function f(x) at a number, 70, 643 
of a function f(x, y) at a point, 643 
of a nonlinear differential equation, 189 
of a nonlinear system of differential 
equations, 645-646 
Linearly dependent set of functions, 109 
Linearly independent set of 
functions, 109 
Lines of force, 511 
Lines in space: 
direction numbers for, 345 
direction vector for, 345 
normal, 509 
parametric equations of, 345 
symmetric equations of, 346 
vector equation for, 345 
Liouville’s theorem, 872 
Lissajous curve, 202, 256 
Local linear approximation, 70, 643, 646 
Local truncation error, 299 
Locally stable critical point, 636 
Logarithm of a complex number: 
branch cut for, 844 
branch of, 843 
definition of, 
derivative of, 844 
principal branch, 843 
principal value of, 843 
properties of, 844 
Logistic curve, 85 
Logistic equation: 
definition of, 69, 84-85 
modifications of, 86 
solution of, 85 
Logistic function, 85 
Logistic growth, 84-86 
Longitude, 572 
Loop rule, Kirchhoff’s, 383 
Losing a solution, 45 
Lotka—Volterra competition model, 96 
Lotka—Volterra predator-prey model, 95 
Lower bound for the radius of 
convergence, 265 
Lower triangular matrix, 372 
LRC-series circuit: 
differential equation of, 23, 161-162 
integrodifferential equation of, 241 


LR-series circuit, differential equation 
of, 78 

LU-decomposition of a matrix, 452 

LU-factorization of a matrix, 452-455 


M 
Maclaurin series, 263, 884, 885 
Maclaurin series representation: 
for the cosine function, 263 
for the exponential function, 263 
for the sine function, 263 
Magnification in the z-plane, 913 
Magnitude of a complex number, 430 
Magnitude of the cross product, 341, 342 
Magnitude of a vector, 324, 333 
Main diagonal entries of a matrix, 368 
Malthus, Thomas, 20 
Malthusian model, 20 
Mapping, 581, 912 
Mapping, conformal, 916 
Marine toad invasion model, 103 
Mass: 
center of, 538 
as a double integral, 538 
of a surface, 554 
Mass action, law of, 87 
Mathematical model, 19-20, 151, 
167, 187 
Matrix (matrices): 
addition of, 369 
adjoint, 406 
associative law, 370, 371 
augmented, 380 
banded, 804 
characteristic equation of, 419 
coefficient, 385 
column vector, 368 
commutative law, 370 
definition of, 368 
determinant of, 393-395 
diagonal, 373, 425 
diagonalizable, 445 
difference of, 369 
distributive law, 371 
dominant eigenvalue of, 437-438 
eigenvalues of, 418, 422, 424, 425 
eigenvectors of, 418, 422, 424, 425 
elementary, 388 
elementary row operations on, 
380-381 
entries (or elements) of, 368 
equality of, 369 
exponential, 612-622 
fundamental, 616 
identity, 373 
inverse of, 405, 407-408, 409 
invertible, 405 
Jacobian, 647 
lower triangular, 372, 425 
LU-factorization of, 452-453 
main diagonal entries of, 368 
multiplication, 370 
multiplicative identity, 373 


Index 


Matrix (matrices):—(Cont.) 
multiplicative inverse, 405 
nilpotent, 430, 476, 626 
null-space of, 387 
nonsingular, 405, 406 
order n, 368 
orthogonal, 413, 433-434 
orthogonally diagonalizable, 448 
partitioned, 376 
powers of, 426 
product of, 370 
rank of, 389-390 
reduced row-echelon form, 381 
rotation, 375 
row-echelon form, 381 
row equivalent, 381 
row reduction of, 381 
row space of, 389 
row vector, 368 
scalar, 373 
scalar multiple of, 369 
similar, 426 
singular, 406 
size, 368 
skew-symmetric, 405 
sparse, 804 
square, 368 
stochastic, 426 
sum of, 369 
symmetric, 373, 604 
of a system, 380 
trace of a, 636 
transpose of, 371 
triangular, 372, 425 
tridiagonal, 810 
upper triangular, 372 
zero, 372 

Matrix addition, properties of, 370 

Matrix exponential: 
computation of, 622, 623 
definition of, 622 
derivative of, 623 
as a fundamental matrix, 623 
as an inverse Laplace transform, 623 

Matrix form of a system of linear 

algebraic equations, 385 

Matrix form of a system of linear 

differential equations, 592 

Maximum principle, 727 

Maxwell, James Clerk, 514 

Maxwell’s equations, 515 

Meander function, 247 


Memorization, mathematical model for, 28 


Meridian, 572 
Mesh: 
points, 314, 802 
size, 802 
Message, 463 
Methane molecule, 337-338 
Method of deflation, 441 
Method of diagonalization: 
for homogeneous systems of linear 
DEs, 511 


Index 


for nonhomogeneous systems of linear 


DEs, 619 
Method of Frobenius, 273—277 
Method of isoclines, 35 
Method of least squares, 468-470 
Method of separation of variables: 
for ordinary differential equations, 
43-44 
for partial differential equations, 708 
Method of undetermined coefficients: 
for nonhomogeneous linear DEs, 127 


for nonhomogeneous systems of linear 


DEs, 614-616 
Method of variation of parameters: 
for nonhomogeneous linear DEs, 51, 
136-137 


for nonhomogeneous systems of linear 


DEs, 616-619 


Midpoint of a line segment in space, 329 


Minor determinant, 395 
Mises, Richard von, 438 
Mixed boundary conditions, 693 
Mixed partial derivatives: 
definition of, 498 
equality of, 498 
Mixtures, 22, 77, 94 
ML-inequality, 857 
M,,,, vector space, 373 
Mobius strip, 555 
Modeling process, steps in, 20 
Modifications of the logistic equation, 
86-87 
Modified Bessel equation: 
of order v, 283 
parametric form of, 283 
Modified Bessel function: 
of the first kind, 283 
of the second kind, 283 
Modulus of a complex number, 822 
Moments of inertia, 539 
Moments of inertia, polar, 546 
Motion: 
on a curve, 486 
in a force field, 151 
Moving trihedral, 492 
Multiplication: 
of complex numbers, 820, 824 
of matrices, 370 
of power series, 263 
by scalars, 322, 323, 329 
Multiplication rule for undetermined 
coefficients, 132 
Multiplicative inverse of a matrix, 405 
Multiplicity of eigenvalues, 421, 
602-605 
Multiply connected domain, 859 
Multiply connected region, 527 
Multistep numerical method, 307 


N 

n-dimensional vector, 35 1—352 
Negative criteria, 660, 661 
Negative direction on a curve, 547 


Negative of a vector, 323 
Neighborhood, 828 
Net flux, 512 
Networks, 96, 252 
Neumann condition, 714 
Neumann problem: 
for a circular plate, 753 
for a rectangle, 729 
Newton, Isaac, 206 
Newton’s dot notation, 5 
Newton’s law of air resistance, 206 
Newton’s law of cooling/warming, 
21,76 
Newton’s law of universal gravitation, 28 
Newton’s laws of motion: 
first, 23 
second, 23, 27, 191-192 
Nilpotent matrix, 430, 476, 626 
Nodal line, 755 
Nodes: 
of a plane autonomous system, 
638-640, 642 
of a standing wave, 721 
Nonconservative force, 533 
Nonelementary integral, 11, 55 
Nonhomogeneous boundary 
condition, 693 
Nonhomogeneous boundary-value 
problem, 169, 183, 693, 730 
Nonhomogeneous linear differential 
equation: 
definition of, 108 
general solution of, 113 
initial-value problem for, 106 
ordinary, 51, 108 
partial, 708 
particular solution of, 113 
Nonhomogeneous systems of algebraic 
equations, 377 
Nonhomogeneous systems of linear 
differential equations: 
complementary function of, 597 
definition of, 592 
general solution of, 597 
initial-value problem for, 594 
matrix form of, 592 
normal form of, 592 
particular solution of, 596 
solution vector of, 593 
Nonisolated singular point, 888 
Nonlinear mathematical models, 
84, 652 
Nonlinear ordinary differential 
equation, 6, 147 
Nonlinear oscillations, 653 
Nonlinear pendulum, 189, 652-653 
Nonlinear spring, 188 
Nonlinear systems of differential 
equations, 93, 629 
Nonoriented surface, 555 
Nonpolynomial coefficients, 269 
Nonsingular matrix, 405, 406, 409 
Nontrivial solution, 169 


Norm: 
of a column vector (matrix), 431 
of a function, 673 
of a partition, 516, 534 
square, 673 
of a vector, 324, 352, 358 
Normal component of acceleration, 492 
Normal form: 
of an ordinary differential equation, 6 
of a system of linear first-order 
equations, 592 
Normal line to a surface, 509 
Normal modes, 721 
Normal plane, 492 
Normal vector to a plane, 347 
Normalization of a vector, 324, 352 
Normalized eigenvector, 434 
Normalized set of orthogonal 
functions, 674 
Notation for derivatives, 5 
n-parameter family of solutions, 9 
n-space (R"): 
coordinates relative to an orthonormal 
basis, 356 
dot (or inner product) in, 352 
length (or norm) in, 352 
orthogonal vectors in, 352 
orthonormal basis for, 359 
standard basis for, 356 
unit vector in, 352 
vector in, 352 
zero vector in, 352 
nth root of a nonzero complex number, 
825-826 
nth roots of unity, 797 
nth term test for divergence, 880 
nth-order differential equation expressed 
as a system, 310 
nth-order differential operator, 108 
nth-order initial-value problem, 14, 106 
nth-order ordinary differential equation, 
5-6, 106, 108 
Nullcline, 42 
Null-space of a matrix, 387 
Number of parameters in a solution of a 
linear system of equations, 391 
Numerical methods: 
absolute error in, 72 
Adams—Bashforth—Moulton, 307 
adaptive methods, 305 
continuing method, 307 
Crank—Nicholson method, 809 
deflation method, 441 
errors in, 72, 298 
Euler’s method, 71, 298-300, 305, 
309, 312 
finite-difference methods, 314, 802, 
807, 812 
Gauss-Seidel iteration, 805 
improved Euler’s method, 300 
inverse power method, 443 
multistep method, 307 
power method, 438 


predictor-corrector methods, 300, 307 
Runge-Kutta methods, 72, 302, 
309, 311 
shooting method, 316 
single-step method, 307 
stability of, 308 
stable, 308 
starting method, 307 
unstable, 308 
using the tangent line, 71 
Numerical solution curve, 73 
Numerical solver, 72 
Numerical values of Bessel 
functions, 285 


0 
Octants, 328 
Odd function: 
definition of, 681 
properties of, 682 
ODE, 4 
Ohms (2), 23 
Ohm’s law, 79 
One-dimensional heat equation: 
definition of, 711-712 
derivation of, 712-713 
One-dimensional phase portrait, 37 
One-dimensional wave equation: 
definition of, 711-712 
derivation of, 713 
One-parameter family of solutions, 9 
One-to-one transformation, 582 
Open annulus, 829 
Open disk, 828 
Open region, 527 
Open set, 828 
Operational properties of the Laplace 
transform, 214, 220, 226, 230, 231, 
237, 239, 240, 244, 249 
Operator, differential, 108, 197 
Order of a differential equation, 4, 5 
Order, exponential, 215 
Order of a Runge-Kutta method, 
302-303 
Order of integration, 537, 565-567 
Ordered n-tuple, 351-352, 354 
Ordered pair, 323, 327, 351, 354 
Ordered triple, 328, 351, 354 
Ordinary differential equation, 4 
Ordinary point of an ordinary differential 
equation: 
definition of, 264, 265 
solution about, 265—269 
Orientable surface: 
definition of, 555 
of a closed, 556 
Orientation of a surface: 
downward, 556 
inward, 556 
outward, 556 
upward, 556 
Orthogonal basis for a vector space, 359, 
360, 361, 362 


Orthogonal diagonalizability: 
criterion for, 448 
definition of, 448 
Orthogonal eigenvectors, 431-432 
Orthogonal family of curves, 102, 839 
Orthogonal functions, 672 
Orthogonal matrix: 
constructing an, 434 
definition of, 433 
Orthogonal projection of a vector onto a 
subspace, 361 
Orthogonal series expansion, 674-675 
Orthogonal set of functions, 673 
Orthogonal with respect to a weight 
function, 675 
Orthogonal surfaces at a point, 510 
Orthogonal trajectories, 102 
Orthogonal vectors, 333 
Orthogonally diagonalizable matrix, 448 
Orthonormal basis: 
definition of, 359 
for R”, 359 
for a vector space, 359 
Orthonormal set of functions, 673 
Orthonormal set of vectors, 433 
Oscillating chain, 759 
Osculating plane, 492 
Otzi (the iceman), 101 
Output function, 57, 115 
Overdamped electrical circuit, 162 
Overdamped spring/mass system, 156 
Overdamped system, 654 
Overdetermined system of linear 
algebraic equations, 386 
Overtones, 722 


P 
Pacemaker, heart, 58, 83 
Parabolic partial differential 
equation, 710 
Parallel vectors: 
definition of, 322 
criterion for, 341 
Parallels, 572 
Parametric curve: 
closed, 516 
definition of, 480 
piecewise smooth, 516 
positive direction on, 516 
simple closed, 516 
smooth, 482, 516 
in space, 480 
Parametric equations for a line in 
space, 345 
Parametric form of Bessel equation: 
of order n, 696 
of order v, 282 
in self-adjoint form, 696 
Parametric form of modified Bessel 
equation of order v, 283 
Parent isotope, 97 
Paris Guns, 206-209 
Parity, 463 
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Parity check bits, 463 
Parity check code, 463 
Parity check equations, 465 
Parity check matrix, 465 
Parity error, 464 
Partial derivatives: 
Chain Rule for, 498-499 
definition of, 497 
generalizations of, 499 
higher-order, 498 
mixed, 498 
with respect to x, 497 
with respect to y, 497 
second-order, 498 
symbols for, 498 
third-order, 498 
tree diagrams for, 499 
Partial differential equation, linear 
second order: 
definition of, 708 
elliptic, 710, 802 
homogeneous, 708 
hyperbolic, 710, 802, 812 
linear, 708 
nonhomogeneous, 708 
parabolic, 710, 802, 807 
separable, 708 
solution of, 708 
Partial fractions, use of, 219, 223-224 
Particular solution: 
definition of, 9, 113 
of Legendre’s equation, 288-289 
of a nonhomogeneous system of linear 
DEs, 596, 614, 616, 619 
by undetermined coefficients, 127-134 
by variation of parameters, 136-140 
Partitioned matrix, 376 
Path independence: 
definition of, 526 
tests for, 529, 531 
Path of integration, 525 
Pauli spin matrices, 476 
PDE, 4 
Pendulum: 
ballistic, 205 
double, 253-254 
free damped, 191 
linear, 189 
nonlinear, 189 
oscillating, 190 
physical, 189 
rotating, 668 
simple, 187-188 
spring, 205-206 
spring-coupled, 259 
of varying length, 292—293 
whirling, 190 
Percentage relative error, 72 
Perihelion, 491 
Period: 
of the complex exponential 
function, 841 
of the complex sine and cosine, 848 


Index 


of the complex hyperbolic sine and 
cosine, 848 
Period of free vibrations, 152 
Periodic boundary conditions, 176, 695 
Periodic boundary-value problem, 695 
Periodic driving force, 160, 686 
Periodic extension, 680 
Periodic functions: 
definition of, 244, 676, 841 
Laplace transform of, 244 
Periodic solution of a plane autonomous 
system, 632 
Phase angle, 153 
Phase line, 37 
Phase plane, 593, 600, 637 
Phase portrait: 
for first-order differential 
equations, 37 
for systems of two linear first-order 
differential equations, 600, 637 
for systems of two nonlinear first- 
order differential equations, 
648-650 
Phase-plane method, 649 
Physical pendulum, 189 
Piecewise-continuous function: 
definition of, 215 
Laplace transform of, 216 
Piecewise-defined solution of an ordinary 
differential equation, 10, 47 
Piecewise-linear differential equation, 
54, 211 
Piecewise-smooth curve, 516 
Pin supported end of a beam, 168 
Pitch, 375-376 
Pitch of a helix, 481 
Planar transformation, 912 
Plane(s): 
Cartesian equation of, 347 
curvilinear motion in, 487 
graphs of, 348-349 
line of intersection of two, 349 
normal vector to, 347 
perpendicular to a vector, 347-348 
phase, 600, 637 
point-normal form of, 347 
trace of, 348 
vector equation of, 347 
Plane autonomous system: 
changed to polar coordinates, 633 
types of solutions of a, 632 
in two variables, 631 
Plane autonomous system, solutions of: 
arc, 632 
constant, 632 
periodic (cycle), 632 
Plucked string, 714, 720-721, 725 
Plutonium-239, half-life of, 75 
Poincare—Bendixson theorems, 662, 
664-665 
Point-normal form of an equation of a 
plane, 347 
Point rule, Kirchhoff’s, 383 


Poisson integral formula: 
for unit disk, 934 
for upper half-plane, 932-933 
Poisson’s partial differential 
equation, 737 
Polar coordinates, 544-545, 
Polar form of a complex number, 
823-824 
Polar moment of inertia, 546 
Polar rectangle, 542 
Pole: 
definition of, 894-895 
of order n, 894-895, 896 
residue of, 897-898 
simple, 894-895 
Polynomial function, 832 
Population, mathematical models for, 20, 
69, 74, 84, 86-87, 94-96, 654, 656 
Position vector, 323, 329 
Positive criteria, 662 
Positive direction on a curve, 516, 
546-547 
Potassium-argon dating, 76, 97 
Potassium-40 decay, 97 
Potential: 
complex, 937 
complex velocity, 938 
energy, 534 
function, 525, 937 
Power function, 914 
Power method, 438 
Power rule of differentiation, 833, APP-2 
Power series: 
absolute convergence of, 262 
arithmetic of, 263 
center of, 262 
circle of convergence, 881 
convergence of, 262 
defines a function, 263 
definition of, 262 
differentiation of, 263 
identity property of, 263 
integration of, 263 
interval of convergence, 262 
Maclaurin, 263 
radius of convergence, 262 
ratio test for, 262 
represents a continuous function, 263 
represents an analytic function, 263 
review of, 262-263 
shift of summation index, 263 
solutions of differential equations, 
264-265 
Taylor, 263 
Powers, complex, 844 
Powers, integer, 825 
Powers of a matrix, 426-428 
Predator-prey model, 94—95, 654-655 
Predictor-corrector methods, 300, 307 
Prime meridian, 572 
Prime notation, 5 
Principal argument of a complex 
number, 824 


Principal axes of a conic, 451 
Principal branch of the logarithm, 843 
Principal logarithmic function, 843 
Principal normal vector, 492 
Principal nth root of a complex 
number, 826 
Principal part of a Laurent series, 
888, 894 
Principal value: 
of a complex power, 844 
of an integral, 904 
of logarithmic function, 843 
Product Rule, 833, APP-2 
Projectile motion, 202, 206-209, 
255-256 
Projection of a vector onto another, 335 
p-series, 880 
Pure imaginary number, 820 
Pure resonance, 160-161 
Pursuit curve, 194-195 
Pythagorean theorem, 324 


Q 
Quadratic form: 
definition of, 450 
as a matrix product, 450 
Qualitative analysis: 
of first-order differential equations, 
34, 36 
of second-order differential equations, 
150, 643-644, 652-654 
of systems of differential equations, 
600-601, 629 
Quasi frequency, 158 
Quasi period, 158 
Quotient Rule, 833, APP-2 


R 
Radial symmetry, 753 
Radial vibrations, 753 
Radioactive decay, 21, 74-75 
Radioactive decay series, 93 
Radiogenic isotope, 97 
Radiometric dating methods, 76 
Radius of convergence, 262, 881 
Radius of curvature, 495 
Radius of gyration, 540 
Raindrop, velocity of evaporating, 82 
Raleigh differential equation, 651 
Range of a complex function, 830 
Range of a projectile: 

with air resistance, 256 

with no air resistance, 255 
Rank of a matrix: 

definition of, 389 

by row reduction, 389-390 

Ratio test, 262, 880 
Rational function, 832 
Rational roots of a polynomial 

equation, 124 
Rayleigh quotient, 439 
RC-series circuit, differential equation 
of, 78 


Reactance, 163 
Reactions, chemical, 21—22, 87 
Real axis, 822 
Real integrals, evaluation by residues, 
902-907 
Real part of a complex number, 820 
Real power function, 914 
Real vector space, 353 
Real-valued function, periodic, 676 
Reciprocal lattice, 344 
Rectangular coordinates, 327-328 
Rectangular pulse, 235 
Rectified sine wave, 247 
Rectifying plane, 492 
Recurrence relation: 
three term, 268 
two term, 266 
Reduced row-echelon form of a 
matrix, 381 
Reduction of order, 117-119 
Reflecting surface, 28-29 
Region: 
closed, 829 
in the complex plane, 829 
connected, 527 
disconnected, 527 
with holes, 549 
image of, 581 
of integration, 534 
invariant, 662 
multiply connected, 527 
open, 527 
simply connected, 527 
type I (ID, 535, 662 
Regression line, 92 
Regular singular point of an ordinary 
differential equation: 
definition of, 272 
solution about, 273 
Regular Sturm—Liouville problem: 
definition of, 693 
properties of, 693 
Relative error: 
definition of, 72 
percentage, 72 
Relative growth rate, 84 
Removable singularity, 894, 895 
Repeller, 39, 601, 642 
Residue(s): 
definition of, 897 
evaluation of integrals by, 900, 902 
at a pole of order n, 898 
at a simple pole, 898 
Residue theorem, 900 
Resistance, 23 
Resonance, pure, 160-161 
Resonance curve, 166 
Resonance frequency, 166 
Response: 
definition of, 57 
impulse, 250 
of a series circuit, 78 
of a system, 25, 115, 631 


zero-input, 224 
zero-state, 224 
Rest point, 642 
Rest solution, 177 
Restocking a fishery, 86 
Reversing the order of integration, 537 
Review of power series, 262-263 
Riccati’s differential equation, 69 
Riemann mapping theorem, 928 
Riemann sum, 564 
Right-hand rule, 340 
RK4 method, 72, 304 
RK4 method for systems, 309, 311 
RKF45 method, 305 
Robin condition, 714 
Robins, Benjamin, 205, 207 
Rocket motion, 28, 191 
Rodrigues’ formula, 290 
Roll, 375 
Root mean square, 681 
Root test, 880 
Roots of a complex number, 
825-826 
Rope pulled upward by a constant 
force, 31 
Rotational flow, 514 
Rotating fluid, shape of, 29 
Rotating pendulum, 668 
Rotating rod with a sliding bead, 204 
Rotating shaft, 176 
Rotating string, 171-172 
Rotation and translation, 913 
Rotation in the z-plane, 913 
Round-off error, 298 
Row-echelon form, 381 
Row equivalent matrices, 381 
Row operations, use in finding the 
inverse of a nonsingular 
matrix, 409 
Row reduction, 381 
Row space, 389 
Row vector, 368, 389 
Row vector form of an autonomous 
system, 631 
R?, 329 
R?, 323 
Rules of differentiation, 833, APP-2 
Runge-Kutta methods: 
first-order, 302 
fourth-order, 72, 302 
second-order, 303 
Runge—Kutta—Fehlberg method, 305 
Rutherford, Ernest, 76 


S 

Saddle point, 638 

Sample point, 516, 534, 554, 564 
Sampling Theorem, 793 

Sawing wood, 91 

Sawtooth function, 247 

Scalar, 322, 672 

Scalar acceleration, 488 

Scalar matrix, 373 
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Scalar multiple: 
of a matrix, 369 
of vectors, 322, 323, 329 
Scalar triple product, 342 
Scaling, 440 
Schwartz, Laurent, 250 
Schwarz—Christoffel transformations, 
928-929 


Second derivative of a complex function, 


870-871 
Second moments, 539 


Second-order boundary-value problem, 


169, 313, 316, 693 
Second-order chemical reaction, 22, 
87-88 


Second-order DE as a system, 270, 309 


Second-order difference equation, 429 


Second-order differential operator, 178 
Second-order initial-value problem, 14, 


106, 309 
Second-order Runge-Kutta 
method, 303 
Second shifting theorem, 230 
Second translation theorem: 
alternative form of, 231 
form of, 230 
inverse form of, 230 
Self-adjoint form of a linear second- 
order DE, 696 
Semi-stable critical point, 39 
Separable first-order differential 
equation: 
definition of, 43 
solution of, 44 
Separable partial differential 
equations, 708 
Separated boundary conditions, 693 
Separation constant, 709 
Sequence: 
convergent, 878 
criterion for convergence, 878 
definition of, 878 
Sequence of partial sums, 262 
Series (infinite): 
absolutely convergent, 262, 880 
circle of convergence, 881 
complex Fourier, 689 
of complex numbers, 878 
convergent, 262, 879 
cosine, 683 
definition of, 878 
Fourier, 678 
Fourier—Bessel, 700 
Fourier—Legendre, 702 
geometric, 879 
interval of convergence, 262 
Laurent, 888-889 
Maclaurin, 263, 884, 885 
necessary condition for 
convergence, 879 
nth term test for, 880 
orthogonal, 674-675 
power, 262, 881 
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radius of convergence, 262, 881 
solutions of ordinary differential 
equations, 261 
sine, 683 
Taylor, 263, 882-884 
tests for convergence, 262, 880 
trigonometric, 677 
Series circuits, 23, 78, 161-162 
Sets in the complex plane, 828-829 
Shaft through the Earth, 28 
Shifting summation index, 263 
Shooting method, 316 
Shroud of Turin, 75, 80 
Sifting property, 250 
Signal processing, 793 
Similar matrices, 416 
Simple closed curve, 516 
Simple harmonic electrical 
vibrations, 162 
Simple harmonic motion, 152 
Simple pendulum, 189 
Simple pole, 894 
Simply connected domain, 527, 859 
Simply connected region, 527 
Simply supported end of a beam, 168 
Simply supported end conditions of a 
beam, 168 
Sine integral function, 58, 768, 782 
Sine series, 683 
Sine series in two variables, 743 
Single-step numerical method, 307 
Singular boundary-value problem, 695 
Singular matrix, 406, 409 
Singular point of a complex function: 
definition of, 887 
essential, 895 
isolated, 887 
nonisolated, 888 
pole, 894 
removable, 894 
Singular point of a linear ordinary 
differential equation: 
definition of, 53, 264, 265 
at infinity, 265 
irregular, 272 
regular, 272 
solution about, 271, 273 
Singular solution, 10 
Singular Sturm—Liouville problem: 
definition of, 693 
properties of, 693 
Sink, 514 
Sinking in water, 90 
SIR model, 99 
Skew-symmetric matrix, 405 
Skydiving, 27, 82, 92 
Sliding bead, 653 
Sliding box on an inclined plane, 83 
Slope field, 34 
Smooth curve, 516 
Smooth function, 482 
Smooth surface, 552 
Snowplow problem, 29 


Soft spring, 188 
Solar collector, 90 
Solenoidal vector field, 514 
Solution curve: 
of an autonomous differential 
equation, 37 
definition of, 8 
Solution of a linear second-order partial 
differential equation: 
definition of, 708 
particular, 708-709 
Solution of a linear system of DEs, 
methods of, 197, 593 
Solution of an ordinary differential 
equation: 
about an ordinary point, 265 
about a regular singular point, 273 
definition of, 7 
domain of, 7 
existence and uniqueness of, 
15-16, 112 
explicit, 8 
general, 11, 53, 112, 113 
implicit, 8 
integral-defined, 10-11, 55, 58 
interval of definition, 7 
losing a, 45 
nontrivial, 169 
n-parameter family of, 9 
particular, 9, 
piecewise-defined, 10 
singular, 10 
trivial, 7 
verification of a, 7, 8 
Solution of a system of differential 
equations, 10, 197, 593 
Solution of a system of linear algebraic 
equations: 
definition of, 377, 384 
number of parameters in a, 391-392 
Solution space, 356 
Solution vector, 593 
Source, 514 
Space curve: 
definition of, 480 
length of, 484 
Span, 357 
Spanning set, 357 
Sparse matrix, 804 
Specific growth rate, 84 
Speed, 486 
Spherical Bessel function: 
of the first kind, 287 
of the second kind, 287 
Spherical coordinates: 
conversion to cylindrical coordinates, 
570-571 
conversion to rectangular coordinates, 
570-571 
definition of, 570 
Laplacian in, 760 
triple integrals in, 571 
Spherical wedge, 571 


Spiral points: 

stable, 640 

unstable, 640 
Spread of a disease, 21 
Spring constant, 152 
Spring coupled pendulums, 259 
Spring/mass systems, 152-161 
Spring pendulum, 205-206 
Square errors, sum of, 469 
Square matrix, 368 
Square norm of a function, 673 
Square wave, 247 
Stability criteria: 

for first-order autonomous 

equations, 646 

for linear systems, 642 

for plane autonomous systems, 647 
Stability for explicit finite difference 

method, 809, 814 

Stability of linear systems, 636 
Stable node, 638, 642 
Stable numerical method, 308 
Stable critical point, 644 
Stable spiral point, 640, 642 
Staircase function, 235 
Standard basis: 

for P,,, 355 

for R?, 325, 355 

for R®, 330, 355 

for R”, 356 


Subscript notation, 5 
Subspace: 
criteria for, 354 
definition of, 354 
Substitutions: 
in differential equations, 65 
in integrals, 544, 580 
Subtraction of vectors, 323, 329 
Successive mappings, 914 
Sum of square errors, 469 
Sum Rule, 833, APP-2 
Summation index, shifting of, 263 
Superposition principle: 
for BVPs involving the wave 
equation, 722 
for Dirichlet’s problem for a 
rectangular plate, 727-728 
for homogeneous linear ODEs, 109 
for homogeneous linear PDEs, 709 
for homogeneous systems of linear 
algebraic equations, 386 
for homogeneous systems of linear 
DEs, 594 


for nonhomogeneous linear ODEs, 114 


Surface, orientable, 555-556 
Surface area: 

differential of, 554 

as a double integral, 553 
Surface integral: 

applications of, 554, 556 


overdetermined, 386 

solution of, 377 

superposition principle for, 386 
underdetermined, 386 


Systems of first-order differential 


equations: 
autonomous, 630, 631 
definition of, 10, 93, 592, 630 
linear form of, 592 
matrix form of, 592, 631 
solution of, 10, 593 


Systems of linear algebraic equations, 


methods for solving: 
using augmented matrices, 380-381 
using Cramer’s rule, 415-416 
using elementary operations, 378 
using elementary row operations, 
380-381 
using the inverse of a matrix, 411 
using LU-factorization, 456 


Systems of linear first-order differential 


equations, methods for solving: 
using diagonalization, 611, 619 
using the Laplace transform, 251, 623 
using matrices, 598-608 
using a matrix exponential, 621-623 
using systematic elimination, 197-198 
using undetermined coefficients, 614 
using variation of parameters, 616-617 


definition of, 554 T 
evaluation of, 554 Tables: 
over a piecewise defined surface, 557 of conformal mappings, APP-9 
Suspended cable, mathematical model of, of derivatives and integrals, APP-2 
24-25, 49, 190-191 of Laplace transforms, 215, APP-6 
Suspension bridge, 24, 49, 190 of trial particular solutions, 131 
Sylvester, James Joseph, 351 Tangent line, 70 
Symmetric equations for a line, 346 Tangent plane to a surface: 
Symmetric matrix: definition of, 508 
definition of, 373 equation of, 508 
eigenvalues for, 430 vector equation of, 508 
eigenvectors of, 604 Tangent vectors, 482, 491-493 
orthogonality of eigenvectors, Tangential component of 
431-432 acceleration, 492 
Syndrome, 465 Taylor series, 149, 883 
Systematic elimination, 197 Taylor’s theorem, 884 
Systems of DEs: Telegraph equation, 716 
higher-order DEs reduced to, 309, 630 Telephone wires, shape of, 24—25, 
numerical solution of, 309, 311 190-191 
reduced to first-order systems, 310 Temperature: 
Systems of linear algebraic equations: in an annular cooling fin, 291-292 


Standard Euclidean inner product, 352 

Standard form for a linear differential 
equation, 51, 118, 137, 264, 272 

Standard inner product in R”, 352 

Standing waves, 721, 755 

Starting methods, 307 

State of a system, 20, 25, 472, 631 

State variables, 25 

Stationary point, 36 

Steady-state current, 79, 162 

Steady-state fluid flow, 938 

Steady-state solution, 79, 159, 162, 732 

Steady-state temperature, 713, 725, 748, 
750, 756, 760 

Steady-state term, 79, 159 

Stefan’s law of radiation, 101 

Step size, 71 

Stochastic matrix, 426 

Stokes, George G., 559 

Stokes’ law of air resistance, 207 

Stokes’ theorem, 559 


Stream function, 938 
Streamlines, 65, 861 
Streamlining, 939 
String falling under its own weight, 771-772 
String of length n, 463 
Sturm—Liouville problem: 
definition of, 693 
orthogonality of solutions, 693 
properties of, 693 
regular, 693 
singular, 695 
Submatrix, 376 


as an augmented matrix, 380 
coefficients of, 377 

consistent, 377 

elementary operations on a, 380 
homogeneous, 377, 384 
ill-conditioned, 417 
inconsistent, 377 

Gaussian elimination, 381 
Gauss—Jordan elimination, 381 
general form of, 377 

matrix form of, 385 
nonhomogeneous, 377 


in an annular plate, 176, 751 

in a circular plate, 748, 764 

in a circular cylinder, 756-757, 764 

between concentric cylinders, 146 

between concentric spheres, 175, 762 

in a cooling/warming body, 21, 76, 
80-81 

in an infinite cylinder, 758 

in an infinite plate, 763 

in a one-eighth annular plate, 752 

in a quarter-annular plate, 752 

in a quarter-circular plate, 751 
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Temperature:—(Cont. ) 
in a rectangular parallelepiped, 744 
in a rectangular plate, 725 
in arod, 716 
in a semiannular plate, 752 
in a semicircular plate, 750 
in a semi-infinite plate, 729 
in a sphere, 760, 762 
in a wedge-shaped plate, 751 
Terminal velocity of a falling body, 43, 
82, 90 
Test point, 924 
Theory of distributions, 250 
Thermal conductivity, 712 
Thermal diffusivity, 713 
Three-dimensional Laplacian, 712 
Three-dimensional vector field, 495-496 
3-space (R*), 329 
Three-term recurrence relation, 268 
Threshold level, 89 
Time of death, 81 
TNB-frame, 493 
Torque, 343 
Torricelli, Evangelista, 206 
Torricelli’s law, 23 
Trace: 
of a matrix, 636 
of a plane, 348 
Tracer, 472 
Tractrix, 28, 101 
Trajectories, orthogonal, 102 
Trajectory, 593, 600, 631 
Transfer coefficients, 473 
Transfer function, 224 
Transfer matrix, 473 
Transform pair, 783 
Transformation, 581 
Transient solution, 159, 162 
Transient term, 79, 159 
Translation: 
and rotation, 913 
in the z-plane, 913 
Translation on the s-axis, 226 
Translation on the t-axis, 230 
Translation property for autonomous 
DEs, 40 
Translation theorems for Laplace 
transform, 226, 230 
Transpose of a matrix: 
definition of, 371 
properties of, 372 
Transverse vibrations, 713 
Traveling waves, 724 
Tree diagrams, 499 
Triangle inequality, 822 
Triangular matrix, 372 
Triangular wave, 247 
Tridiagonal matrix, 810 
Trigonometric functions, complex: 
definitions of, 846 
derivatives, 846 
Trigonometric identities, 846 
Trigonometric series, 677 
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Triple integral: 
applications of, 566 
in cylindrical coordinates, 569 
definition of, 564—565 
evaluation of, 565-566 
in spherical coordinates, 571 
as volume, 566 
Triple scalar product, 342 
Triple vector product, 342 
Triply connected domain, 859 
Trivial solution: 
defined, 7 
for a homogeneous system of linear 
equations, 412 
Trivial vector space, 353 
Truncation error: 
for Euler’s method, 299 
global, 300 
for improved Euler’s method, 301 
local, 299 
for RK4 method, 305 
Tsunami, mathematical model of, 90 
Twisted cubic, 494 
Twisted shaft, 739 
Two-dimensional definite integral, 534 
Two-dimensional fluid flow, 511, 
514, 831 
Two-dimensional heat equation, 741 
Two-dimensional Laplace’s 
equation, 712 
Two-dimensional Laplacian, 712 
Two-dimensional vector field, 510-511 
Two-dimensional wave equation, 712 
Two-point boundary-value problem, 
107, 169 
2-space (R?), 323 
Two-term recurrence relation, 266 
Type I (ID) invariant region, 662 
Type I (ID) region, 535 


ce 


Jncoupled linear system, 611 
JIndamped forced motion, 160 
Jndamped spring/mass system, 152, 160 
Jnderdamped electrical circuit, 162 
Jnderdamped spring/mass system, 156 
Jnderdamped system, 654 
Jnderdetermined system of linear 
algebraic equations, 386 

Undetermined coefficients: 

for linear differential equations, 

127-134 

for linear systems, 614 
Uniqueness theorems, 16, 106 
Unit impulse, 248 
Unit step function: 

definition of, 229 

graph of, 229 

Laplace transform of, 230 
Unit tangent, 491 
Unit vector, 324 
Unstable critical point, 39, 644, 646 
Unstable node, 638, 642 
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Unstable numerical method, 308, 809 
Unstable spiral point, 640, 642 
Unsymmetrical vibrations, 188 
Upper triangular matrix, 372 

Upward orientation of a surface, 556 
USS Missouri, 176 


V 
Van der Pol’s differential equation, 
663, 664 
Van der Waal’s equation, 501 
Variable mass, 27, 191-192 
Variable spring constant, 155 
Variables, separable, 43, 66, 68 
Variation of parameters: 
for linear DEs, 51, 136—140 
for systems of linear DEs, 616-617 
Vector(s): 
acceleration, 486 
addition of, 322—323, 329 
angle between, 334 
binormal, 492 
component on another vector, 335 
components of a, 323, 329 
in a coordinate plane, 323 
coplanar, 343 
cross product of, 338-339 
difference of, 322, 323, 329 
differential operator, 501 
direction, 345 
direction angles of, 334 
direction cosines of, 334 
dot product of, 332, 333 
equality of, 322, 323, 329 
equation for a line, 345 
equation for a plane, 347 
fields, 511 
free, 322 
function, 480 
geometric, 322 
horizontal component of, 325 
initial point of, 311 
inner product, 332, 352 
length of, 324, 329, 352 
linear combination of, 324 
linearly dependent, 355 
linearly independent, 355 
magnitude of, 324, 329, 333, 352 
multiplication by scalars, 322, 323, 
324, 329, 352 
negative of, 322 
norm of, 324, 352 
normal to a plane, 347-348 
normalization of, 324, 352 
in n-space, 352 
orthogonal, 333 
orthogonal projection onto a 
subspace, 361 
orthonormal basis, 359 
parallel, 322, 341 
position, 323, 329 
principal normal, 492 
projection on another vector, 335 


properties of, 324, 332, 339 
right-hand rule, 340 
scalar multiple of, 322, 323, 329 
scalar product, 332 
scalar triple product, 342 
as a solution of systems of linear 
DEs, 593 
span of, 357 
spanning set for, 357 
standard basis for, 325, 330, 356 
subtraction of, 323, 329 
sum of, 322 
tangent to a curve, 486 
terminal point of, 311 
triple product, 342 
in 3-space, 327 
in 2-space, 322 
unit, 324, 352 
unit tangent to a curve, 491 
vector triple product, 342 
velocity, 486 
vertical component of, 325 
zero, 322, 329, 352 
Vector differential operator, 501 
Vector equation for a curve, 480 
Vector equation for a line, 345 
Vector equation of a plane, 348 
Vector fields: 
and analyticity, 936 
conservative, 525 
curl of, 512 
definition of, 510-511 
divergence of, 512 
flux of, 512 
gradient, 511 
irrotational, 514 
plane autonomous system of, 631 
rotational, 514 
solenoidal, 514 
three-dimensional, 510-511 
two-dimensional, 510-511 
velocity, 511 
Vector functions: 
as acceleration, 486 
continuity of, 481 
definition of, 480 
derivative of, 482 
differentiation of components, 482 
higher derivatives of, 483 
integrals of, 484 
limit of, 481 


rules of differentiation, 483 
smooth, 482 
of three variables, 501, 510 
of two variables, 501, 510 
as velocity, 486 
Vector-valued functions, 480 
Vector space: 
axioms for a, 352 
basis for a, 357 
closure axioms for a, 353 
complex, 353 
dimension of, 356 
finite dimensional, 356 
infinite dimensional, 356 
inner product, 357 
linear dependence in a, 355, 357 
linear independence in a, 355, 357 
real, 353 
span of vectors in a, 357 
subspace of, 354 
trivial, 353 
zero, 353 
Velocity field, 490 
Velocity potential, complex, 938 
Velocity vector function, 486 
Verhulst, P. F., 85 
Vertical component of a vector, 325 
Vibrating cantilever beam, 741 
Vibrating string, 713 
Vibrations, spring/mass systems, 152, 
196-197 
Virga, 29 
Viscous damping, 24 
Voltage drops, 23 
Volterra integral equation, 241 
Volterra’s principle, 658 
Volume of a parallelepiped, 343 
Volume under a surface: 
using double integrals, 535 
using triple integrals, 566 
Von Mises, Richard, 438 
Vortex, 942 
Vortex point, 642 


W 
Water clock, 102 
Wave equation: 
derivation of the one-dimensional 
equation, 713 
difference equation replacement 
for, 812 


one-dimensional, 711-712, 812 
solution of, 719-720 
two-dimensional, 742 
Weight function: 
of a linear system, 250 
orthogonality with respect to, 675 
Weighted average, 302 
Wire hanging under its own weight, 
24, 190-191 
Word: 
definition of, 463 
encoding, 463 
Work: 
as a dot product, 336 
as a line integral, 521 
Work done by a constant force, 336 
Wronskian: 
for a set of functions, 111 
for a set of solutions of a 
homogeneous linear DE, 111, 137 
for a set of solutions of a 
homogeneous linear system, 595 
Wronskian determinant, 111 


X 


x-coordinate of a point in 3-space, 328 
xy-plane, 328 
xz-plane, 328 


Y 

Yaw, 375-376 

y-coordinate of a point in 3-space, 328 
Young’s modulus, 168 

yz-plane, 328 


Z 


z-axis in space, 327-328 
z-coordinate of a point in 3-space, 328 
Zero matrix, 372 
Zero vector, 322, 352 
Zero vector space, 353 
Zero-input response, 224 
Zeros: 
of Bessel functions, 285 
of complex cosine and sine, 846-847 


of complex hyperbolic cosine and sine, 


848 
of a function, 896 
of order n, 896 
Zero-state response, 224 
z-plane, 822 
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